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ABSTRACT
C H E M I C A L L Y  M O D I F I E D  C A R B O N - B A S E D  E L E C T R O D E S  F O R  T H E  
D E T E C T I O N  O F  S O M E  S U B S T A N C E S  O F  E N V I R O N M E N T A L  A N D  
B I O M E D I C A L  S I G N I F I C A N C E
The thesis opens with an introduction to some basic electroanalytical 
principles, and a brief description of carbon-based electrodes, with a particular focus 
on glassy carbon and carbon fibre microelectrodes. Also included is a review of the 
most commonly employed electrode modification procedures, with some examples of 
the analytical applications of modified electrodes.
The second chapter describes the use of the bismuth film electrode (BiFE), 
which consists of a bismuth film electrochemically deposited onto a glassy carbon 
substrate electrode, in the cathodic electrochemical detection of some reducible 
organic compounds. The electrochemical behaviour of nitrophenols at BiFE was 
investigated and the BiFE applied in flow injection analysis amperometric 
determination of these nitrophenolic compounds.
The application of the BiFE in adsorptive stripping voltammetric and 
potentiometric stripping analysis of cobalt and nickel in some low-volume body fluids 
is presented in Chapter Three. In addition, the BiFE was successfully applied in the 
determination of some selected trace heavy metals in soil extract samples, and the 
results obtained compared with those from ICP-MS measurements.
In Chapter Four, the development of a microsensor based on a nickel 
oxide,ruthenium hexacyanoferrate (NiO,RuHCF) inorganic layer, for the selective 
detection of ascorbic acid in acidic media is described. The modified microsensor is 
applied in measurement of ascorbic acid in model gastric juice solution. In addition, 
the modified microsensor, with a protective cellulose acetate membrane, is employed 
in the determination of ascorbic acid in real gastric juice solution.
The final chapter presents some possibilities for furthering the study, use and 
application of the modified electrodes used in the work.
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1. AN INTRODUCTION TO ELECTRO ANALYTICAL
PRINCIPLES, CARBON-BASED ELECTRODES, AND 
ELECTRODE MODIFICATION
1.1 General Introduction
E le c t r o c h e m is t r y  m a y  b e  d e f in e d  as th e  b ra n c h  o f  c h e m is t r y  th a t is  c o n c e rn e d  w it h  
e le c t r o ly s is  a n d  o th e r  s im i la r  p h e n o m e n a  o c c u r r in g  w h e n  a c u r re n t  is  p a s se d  th ro u g h  a 
s o lu t io n  o f  a n  e le c t r o ly te ,  o r  w it h  th e  b e h a v io u r  o f  io n s  in  s o lu t io n  a n d  th e  p ro p e r t ie s  
s h o w n  b y  th e se  s o lu t io n s  [1], It w a s  d is c o v e r e d  o v e r  2 0 0  y e a rs  a g o  (1 7 9 1 )  in  
B o lo g n a ,  I ta ly , w h e re  L u ig i  G a lv a n i ,  u p o n  d is s e c t in g  a  fro g , n o t ic e d :  “ O n e  o f  th o se  
w h o  w a s  a s s is t in g  m e  to u ch e d  l ig h t ly  a n d  b y  c h a n c e  th e  p o in t  o f  h is  s c a lp e l to  the  
in te rn a l c ru ra l n e rv e s  o f  th e  f r o g  (a n  e le c t r ic  m a c h in e  w a s  n e a rb y ) , th e n  s u d d e n ly  a l l  
th e  m u s c le s  o f  it s  l im b s  w e re  se en  to  b e  c o n t r a c te d . . [ 2 ] ,  O th e r  p a r t ic u la r ly  n o ta b le  
e a r ly  e v e n ts  in  th e  d e v e lo p m e n t  o f  e le c t r o c h e m is t r y  in c lu d e d  V o l t a ’ s d is c o v e r y  th a t  i f  
o n e  u s e d  a p a s te b o a rd  m e m b ra n e  to  se p a ra te  s i lv e r  p la te s  f r o m  z in c  p la te s , a n d  w e tte d  
th e  e n s e m b le  w it h  s a lt  w a te r , an  e le c t r ic  c u r re n t  f lo w e d  (1 8 0 0 ) , F a r a d a y ’ s d is c o v e r y  
o f  th e  r e la t io n  b e tw e e n  th e  a m o u n t  o f  e le c t r ic i t y  c o n s u m e d  a n d  the  a m o u n t  o f  m e ta l 
p r o d u c e d  in  a  s o l id  fo rm  f r o m  so m e  in v is ib le  p a r t ic le s  in  s o lu t io n  (1 8 3 4 ) , a n d  T a f e l ’ s 
d is c o v e r y  in  1 905  th a t e le c t r ic  c u r re n ts  p a s s in g  a c ro s s  m e ta l- s o lu t io n  in te r fa c e s  c o u ld  
b e  m a d e  to  in c re a s e  e x p o n e n t ia l ly  b y  c h a n g in g  th e  e le c t r ic  p o te n t ia l o f  th e  e le c tro d e  
a c ro s s  th e  s u r fa c e  o f  w h ic h  th e y  p a s se d  [2],
T o d a y ,  f o l lo w in g  o th e r  c o n s id e ra b le  a d v a n c e s  in  th e  la s t  c e n tu ry , s u ch  as the 
in v e n t io n  o f  the  o p e ra t io n a l a m p li f ie r  ( 1 9 5 0 ’ s), th e  a d v e n t  o f  c y c l i c  v o lt a m m e tr y ,  
p u ls e  c h ro n o a m p e ro m e try ,  a n d  r o ta t in g  r in g  d is c  e le c tro d e s  ( 1 9 6 0 ’ s), th e  in c e p t io n  o f  
c h e m ic a l ly  m o d if ie d  e le c t ro d e s  an d  p h o to e le c t r o c h e m is t r y  ( 1 9 7 0 ’ s), a n d  the  
in t r o d u c t io n  o f  m ic ro e le c t r o d e s  ( 1 9 9 0 ’ s), e le c t r o c h e m is t r y  h a s  b e co m e  a n  e x t re m e ly  
b ro a d  s u b je c t  e n c o m p a s s in g  s u ch  d iv e r s e  a reas as b a tte r ie s , fu e l c e l ls ,  c o r ro s io n ,  
m e m b ra n e  p o te n t ia ls  a n d  e le c t r o a n a ly t ic a l c h e m is t r y  [3], It is  th e  la t te r  w it h  w h ic h  
th is  th e s is  w i l l  b e  p r im a r i ly  c o n ce rn e d . E le c t r o a n a ly s is  c o n s is t s  o f  te c h n iq u e s  in  
w h ic h  a n  e s s e n t ia l o r  a t le a s t  an  in d is p e n s a b le  r o le  is  p la y e d  b y  e le c t r o c h e m is t r y .  A s  
a  r e p re s e n ta t iv e  o f  w e t - c h e m ic a l m e th o d s , e le c t r o a n a ly s is  p re sen ts  m a n y  a t t ra c t iv e
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advantages, such as selectivity and sensitivity, inexpensive equipment, ample choice 
of working electrode materials, and ability to attain real-time measurements. Indeed, 
electro analysis has found a vast range of applications, including industrial quality 
control, environmental monitoring (e.g., trace heavy metal detection in waters), and 
biomedical analysis (e.g., pyrimidine and purine derivatives, amino acids, peptides 
and proteins, vitamins and coenzymes) [4,5], This chapter will provide some insights 
into basic electrochemical principles in relation to electroanalytical chemistry, the 
most commonly used carbon-based electrodes (glassy carbon, carbon paste and 
screen-printed electrodes, and carbon fibre microelectrodes), and finally, an 
introduction to the possibilities for chemical modification of these carbon-based 
electrodes.
1.2 Fundamentals ofElectroanalysis
1.2.1 Introduction
In contrast to many chemical measurements that involve homogeneous bulk solutions, 
electrochemical processes take place at the electrode-solution interface [4]. The type 
of electrical signal used for quantitation distinguishes the various electroanalytical 
techniques. There are two principle types of electroanalytical measurements: 
potentiometric and potentiostatic. Both types require at least two electrodes 
(conductors) and a contacting sample (electrolyte) solution, which constitute the 
electrochemical cell. The electrochemical (voltammetric) cell and the processes 
governing the electrode reactions will be discussed in more detail in the proceeding 
sections.
1.2.2 Voltammetric Cell
Electrochemical cells in which faradaic currents are flowing are classified as either 
g a lv a n ic  or e lec tro ly tic  cells. A g a lva n ic  ce ll is one in which reactions occur 
spontaneously at the electrodes when they are connected externally by a conductor, 
and are often employed in converting chemical energy into electrical energy [6]. An 
e lec tro ly tic  ce ll is one in which reactions are effected by the imposition of an external 
voltage greater than the open-circuit potential of the cell. These cells are frequently
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employed to carry out desired chemical reactions by expending electrical energy. 
Electrolysis is a term that is defined broadly as including chemical changes 
accompanying faradaic reactions (see Section 1.2.3) at electrodes in contact with 
electrolytes. The electrode at which reductions occur is termed the cathode, while the 
electrode at which oxidations occur is termed the anode. A current in which electrons 
cross the interface from the electrode to a species in solution is a cathodic current, 
while electron flow from a solution species into the electrode is an anodic current.
The electrochemical cell is most generally defined as two electrodes separated 
by at least one electrolyte phase. In general, there is a measurable difference in 
potential between the two electrodes whether the cell is passing a current or not. The 
overall chemical reaction taking place in a cell is made up of two independent half­
reactions, which describe the real chemical changes at the two electrodes. Each half 
reaction responds to the interfacial potential difference at the corresponding electrode
[7]. Usually, only one of these reactions is of interest, and the electrode at which it 
occurs is termed the working (or indicator) electrode. In order to focus on it, it is 
necessary to standardise the other half of the cell by using an electrode made up of 
phases of constant composition, the reference electrode. As this reference electrode is 
of stable composition, its potential is fixed and hence any changes that take place in 
the cell are ascribable to the working electrode. Thus, one can state that one observes 
the potential of the working electrode with respect to the reference electrode. A 
counter (or auxiliary) electrode is also employed in the cell, and functions to supply 
the current required by the working electrode without in any way limiting the 
measured response of the cell [8 |.
Designs of working electrodes for laboratory measurements are diverse. In 
general, it is a small sphere, small disc, or a short wire, but it can also be a metal foil, 
a single crystal of a semiconductor or metal, an evaporated thin film, or a powder 
pressed as discs or pellets [8], An important feature is that the electrode should not 
react chemically with the solvent or solution components. Definition of the useful 
working range is difficult, as this depends on a number of factors such as hydrogen or 
oxygen evolution, oxide or complex formation, solvent decomposition, and the 
reactants and products of the system under investigation. The electrode area is 
generally small (< 0.25 cm2; although microelectrodes, which will be discussed later, 
are considerably smaller than this), and the electrode surface should be clean and 
smooth, as the geometry and mass transport are thus better defined [8]. Some
e x a m p le s  o f  w o r k in g  e le c tro d e  m a te r ia ls  a re  g o ld ,  p la t in u m , m e rc u ry ,  g la s s y  c a rb o n , 
c a rb o n  p a s te , a n d  c a rb o n  f ib re . S e v e ra l o f  th e se  w i l l  b e  d is c u s s e d  in  g re a te r d e ta il in  
S e c t io n  1.3. C o m m o n ly  u se d  re fe re n c e  e le c tro d e s  in c lu d e  m e rc u ry -m e r c u ro u s  
c h lo r id e  ( c a lo m e l e le c tro d e ) , m e rc u r y -m e r c u ro u s  su lp h a te , m e r c u r y -m e r c u r ic  o x id e  
a n d  s i lv e r - s i lv e r  c h lo r id e ,  w h i le  th e  m o s t  c o m m o n  c o u n te r  e le c t ro d e  m a te r ia l is  
p la t in u m  (w ire s , c o i ls ,  g a u ze s )  [8].
T h e  e le c t r o ly te  s o lu t io n  is  th e  m e d iu m  b e tw e e n  th e  e le c t ro d e s  in  th e  c e l l ,  and  
c o n s is t s  o f  a s o lv e n t  w it h  a  h ig h  c o n c e n t ra t io n  o f  an  io n is e d  sa lt , as w e l l  as the  
e le c t r o a c t iv e  s p e c ie s  o f  in te re s t. It m a y  a ls o  c o n ta in  o th e r c o m p o u n d s , s u c h  as b u f fe r s  
o r  c o m p le x in g  agen ts . T h e  c h o ic e  o f  th e  s o lv e n t  g e n e ra lly  d e p e n d s  o n  the  s o lu b i l i t y  
o f  th e  a n a ly te  and  it s  r e d o x  a c t iv it y ,  and  o n  s o lv e n t  p ro p e r t ie s  s u c h  as e le c t r o c h e m ic a l 
a n d  c h e m ic a l a c t iv it y  a n d  e le c t r ic a l c o n d u c t iv i t y  [4], It s h o u ld  n o t  re a c t  w it h  the  
a n a ly te  a n d  s h o u ld  b e  s ta b le  o v e r  a  w id e  p o te n t ia l range . T y p ic a l  s o lv e n ts  in c lu d e  
d o u b le - d is t i l le d  w a te r  an d  o rg a n ic  s o lv e n ts  su ch  as a c e to n it r i le ,  m e th a n o l a n d  
d im e th y l  s u lfo x id e .  T h e  s u p p o r t in g  e le c t r o ly te  is  r e q u ir e d  in  c o n t ro l le d -p o te n t ia l 
e x p e r im e n ts  in  o rd e r  to  d e c re a se  th e  s o lu t io n  re s is ta n c e , to  e l im in a te  e le c t r o m ig r a t io n  
e f fe c ts ,  a n d  to  m a in t a in  a  c o n s ta n t  io n ic  s treng th . T h e  in e r t  s u p p o r t in g  e le c t r o ly te  
m a y  b e  a n  in o rg a n ic  s a lt  (e .g ., p o ta s s iu m  c h lo r id e ) ,  a  m in e r a l a c id  o r  a  b u f fe r  (e .g ., 
a ce ta te ) . A  t y p ic a l  th re e -e le c t ro d e  v o lt a m m e t r ic  c e l l  is  s h o w n  in  F ig u r e  1,1 A ,  w h i le  
F ig u r e  1.1 B  s h o w s  h o w  the  p o te n t io s ta t  (p o w e r  s u p p ly )  c o n t r o ls  th e  c e l l  p o te n t ia l.
In  c e r ta in  e le c t r o c h e m ic a l e x p e r im e n ts ,  a  F a ra d a y  c a g e  m a y  b e  e m p lo y e d . 
T h e  F a r a d a y  ca g e  is  a  r u g g e d ly  c o n s t ru c te d  s ta in le s s  s te e l c a b in e t  d e s ig n e d  to  e n c lo s e  
th e  v o lt a m m e t r ic  c e l l  a n d  e le c tro d e s . W h e n  c o n n e c te d  to  th e  p o te n t io s ta t  g ro u n d  
t e rm in a l,  th e  F a ra d a y  c a g e  fo rm s  an  e x te n d e d  e le c t r ic a l s h ie ld ,  r e d u c in g  in d u c e d  n o is e  
c u r re n ts  in  th e  e le c t r o c h e m ic a l c e l l  f r o m  n e a rb y  e le c t ro m a g n e t ic  f ie ld  so u rc e s  in  th e  
la b o ra to r y .  T h e  s h ie ld  c a se  is  r e c o m m e n d e d  fo r  e x p e r im e n ts  in  w h ic h  c u r re n t  
m e a su re m e n ts  a re  to  b e  m a d e  r o u t in e ly  at le v e ls  b e lo w  < 1 p A ,  fo r  e x a m p le  w h e n  
e m p lo y in g  m ic ro e le c t ro d e s .
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A
Working Electrode
Figure 1.1: (A) Simple schematic o f a typical 3-electrode voltammetric cell and (B)
diagram showing how potentiostat (power supply) controls cell potential [6J.
1.2.3 Electrochemical Processes
F o u r  m a in  ty p e s  o f  e le c t r o a n a ly t ic a l m e a su re m e n ts  e x is t :
(a) c o n d u c t im e t r ic ;  w h e re  th e  c o n c e n t ra t io n  o f  c h a rg e  is  o b ta in e d  th ro u g h  
m e a su re m e n t  o f  th e  s o lu t io n  re s is ta n c e ,
(b ) a m p e ro m e t r ic ;  w h e re  a  f ix e d  p o te n t ia l is  a p p lie d  to  th e  e le c tro d e , w h ic h  ca u se s  
th e  a n a ly te  o f  in te re s t  to  re a c t  a n d  a  c u r re n t  to  p a s s  ( c o n t ro l le d -p o te n t ia l 
te c h n iq u e ) ,
(c ) v o lt a m m e t r ic ;  in  w h ic h  c u r re n t  is  re g is te re d  as a  f u n c t io n  o f  a p p lie d  p o te n t ia l 
( c o n t r o l le d -p o te n t ia l te c h n iq u e ) ,  a n d
(d ) p o te n t io m e t r ic ;  in  w h ic h  th e  e q u i l ib r iu m  p o te n t ia l o f  a n  in d ic a to r  e le c tro d e  is  
m e a su re d  a g a in s t  a  s e le c te d  re fe re n c e  e le c t ro d e  u s in g  a  h ig h  im p e d a n c e  
v o ltm e te r  [9].
It is  th e  la t te r  th re e  w it h  w h ic h  th is  w o r k  is  c o n c e rn e d  a n d  h e n c e  th e se  m e th o d s  w i l l
b e  fo c u s s e d  o n  in  th e  th e s is .
T h e  o b je c t iv e  o f  c o n t r o l le d -p o te n t ia l e x p e r im e n ts  is  to  o b ta in  a c u r re n t
re s p o n s e  th a t  is  r e la te d  to  th e  c o n c e n t ra t io n  o f  th e  r e d o x  a c t iv e  ta rg e t  a n a ly te . T h is  is
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achieved by monitoring the transfer of electron(s) during the redox process of the 
analyte:
O + n e ' ^ R  (1.1)
where O  and R  are the oxidised and reduced forms, respectively, of the redox couple 
[4], This reaction will proceed in a potential region that makes the electron transfer 
kinetically or thermodynamically favourable.
The current which results from a change in oxidation state of the analyte 
(electroactive species) is termed the faradaic current because it obeys Faraday’s law
i.e. the reaction of one mole of substance involves a change of n x F  (where F  is 
Faraday’s constant; 96,487 coulombs). This current is a direct measure of the rate of 
the redox reaction and the resulting current-potential plot is known as a 
voltammogram. The shape and magnitude of the voltammetric response is governed 
by the processes involved in the electrode reaction, and the total current is the sum of 
the faradaic currents for the analyte and the blank solutions, and the non-faradaic 
charging background current, which is the current that results from the charging of the 
double-layer. The electrical double-layer is the array of charged particles and / or 
oriented dipoles that exist at every material surface. In electrochemistry, this layer 
represents the ionic zones formed in the solution to compensate for the excess of 
charge on the electrode. A negatively charged electrode thus attracts a layer of 
positive ions, and vice versa. As the interface must be neutral, a counterlayer of ions 
of opposite sign to that of the electrode is made. A schematic representation of the 
electrical double layer and the variation in potential across it is shown in Figure 1.2. 
When the overall reaction is controlled only by the rate at which the electroactive 
species reach the surface, the current is deemed mass transport limited, and it is 
known as a Nernstian or reversible reaction because it obeys thermodynamic 
conditions.
In potentiometry, information on the composition of a sample is obtained 
through the potential appearing between two electrodes. In systems that are 
controlled by the laws of thermodynamics (as in potentiometry), the potential of the 
electrode can be used to establish the concentration of the electroactive species at the 
surface [Co and Cr\ according to the Nernst equation:
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E = E° + 2.3RT logio Cq 
nF CR (1.2)
where E0 is the standard potential for the redox reaction, R is the universal gas 
constant (8.314 J/K/mol), T is the temperature in Kelvin, n is the number of electrons 
transferred in the reaction and F  is the Faraday constant. On the negative side of E°, 
the oxidised form thus tends to be reduced, and the forward reaction (i.e. reduction) is 
more favourable [4],
A B Helmholtz layer
Inner Helmholtz plane
Figure 1.2: (A) Schematic representation o f the electrical double layer and (B) 
variation o f the potential across the electrical double layer (adapted from [4]).
These descriptions of the electrode reaction are in fact quite simplified, as the 
pathway can actually be quite complicated and take place in several steps. The 
simplest reactions involve only mass transfer of the electroactive species to the 
electrode surface, electron transfer across the interface, and transfer of the product 
back to the bulk solution [4]. In more complex reactions, additional chemical and 
surface reactions may occur either before or after the actual electron transfer. The 
slower process will then, obviously, be the rate-determining step. Mass transport to 
the electrode proceeds by three different processes:
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(a) d i f fu s io n ;  th e  n a tu ra l m o v e m e n t  o f  s p e c ie s  u n d e r  a  c o n c e n t ra t io n  g ra d ie n t  
f r o m  a  r e g io n  o f  h ig h  to  a  r e g io n  o f  lo w  c o n c e n t ra t io n  so  as to  a n n u l th e  
c o n c e n t ra t io n  d if fe re n c e ;
(b ) c o n v e c t io n ;  t ra n s p o r t  to  th e  e le c t ro d e  b y  a  g ro s s  p h y s ic a l  m o v e m e n t;  s u ch  
f lu id  f lo w  o c c u rs  w it h  s t ir r in g  o r  f lo w  o f  th e  s o lu t io n  a n d  w it h  r o ta t io n  o r 
v ib r a t io n  o f  th e  e le c tro d e  ( i.e . fo r c e d  c o n v e c t io n )  o r  d u e  to  d e n s ity  
g ra d ie n ts  ( i.e . n a tu ra l c o n v e c t io n ) ;
(c ) m ig ra t io n ;  m o v e m e n t  o f  c h a rg e d  p a r t ic le s  a lo n g  a n  e le c t r ic a l f ie ld  ( i.e . th e  
c h a rg e  is  c a r r ie d  th ro u g h  th e  s o lu t io n  b y  io n s  a c c o rd in g  to  th e ir  
t ra n s fe re n c e  n u m b e r) . T h e  th re e  m o d e s  o f  m a s s  t ra n s p o r t  a re  i l lu s t r a t e d  in  
F ig u r e  1.3 [4 ,9 ],
Figure 1.3: The three modes o f mass transport (adapted from [4]).
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T h e  f lu x  (J) is  a  c o m m o n  m e a su re  o f  th e  ra te  o f  m a s s  t ra n s p o r t  at a  f ix e d  p o in t .  It is  
d e f in e d  as th e  n u m b e r  o f  m o le c u le s  p e n e t ra t in g  a u n it  a re a  o f  an  im a g in a r y  p la n e  in  a 
u n it  o f  t im e  (u n its  =  m o l/ c m 2/s). T h e  f lu x  to  th e  e le c tro d e  is  d e s c r ib e d  
m a th e m a t ic a lly  b y  a d if f e r e n t ia l e q u a t io n , k n o w n  as th e  N e r n s t - P la n c k  e q u a t io n , 
g iv e n  f o r  o n e  d im e n s io n  by :
J(x, t) = -D SC(x, t) - zFDC - S0(x, t) +  C(x, t)V(x, t)
Sx RT Sx (1 .3 )
• 2 /
w h e re  D i s  th e  d i f f u s io n  c o e f f ic ie n t  ( c m  /s), 5 C(x, t)!hx is  th e  c o n c e n t ra t io n  g ra d ie n t  
(a t d is ta n c e  x and  t im e  t), 5<fi(x, l)tbx is  th e  p o te n t ia l g ra d ie n t, z  is  th e  c h a rg e  o f  th e  
e le c t r o a c t iv e  sp e c ie s , C i s  th e  c o n c e n t ra t io n  o f  th e  e le c t r o a c t iv e  sp e c ie s , a n d  V(x, t) is  
th e  h y d r o d y n a m ic  v e lo c i t y  ( in  th e  x  d ir e c t io n ) .  In  a q u e o u s  m e d ia , D u s u a l ly  ra n g e s
b e tw e e n  1 0 '5 a n d  10 '6 c m 2/s [4]. T h e  c u r re n t  (z) is  d ir e c t ly  p r o p o r t io n a l to  th e  f lu x :
i = -nFAJ  (1 .4 )
w h e re  A is  th e  a re a  o f  th e  e le c tro d e . F r o m  e q u a t io n  1.3, o n e  c a n  see  th a t th e  s itu a t io n
is  q u ite  c o m p le x  w h e n  a l l  th re e  p ro c e s s e s  o c c u r  a t th e  sam e  t im e , m a k in g  it  d i f f ic u l t  
to  re la te  th e  c u r re n t  to  th e  a n a ly te  c o n c e n t ra t io n . T h e se  d i f f ic u l t ie s  c a n  b e  o v e rc o m e
b y  s u p p re s s in g  e le c t r o m ig r a t io n  ( th ro u g h  a d d it io n  o f  e x c e s s  in e r t  sa lt)  a n d  / o r
c o n v e c t io n  ( b y  u s in g  a  q u ie s c e n t  s o lu t io n ) .  H e n c e , u n d e r  th e se  c o n d it io n s ,  th e  
m o v e m e n t  o f  e le c t r o a c t iv e  s p e c ie s  in  th e  s o lu t io n  is  l im it e d  s o le ly  b y  d if fu s io n .  T h e  
re a c t io n  t a k in g  p la c e  a t th e  s u r fa c e  g ene ra te s  a  c o n c e n t ra t io n  g ra d ie n t  a d ja c e n t  to  th e
su r fa c e , w h ic h  in  tu rn  re s u lt s  in  a  d i f f u s io n a l f lu x .  T h e  ra te  o f  d i f f u s io n  is  d ir e c t ly  
p r o p o r t io n a l to  th e  s lo p e  o f  th e  c o n c e n t ra t io n  g ra d ie n t  a c c o rd in g  to  Fick’s First Law:
J(x, t) = -D SC(x, t ) /8 x  (1.5)
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C o m b in a t io n  o f  e q u a t io n s  1 .4  a n d  1.5 g iv e s  a g e n e ra l e q u a t io n  o f  th e  c u r re n t  
re sp o n se :
i = nFAD SC (x, t) /  Sx (1.6)
T h u s , th e  c u r re n t  is  p r o p o r t io n a l to  th e  c o n c e n t ra t io n  g ra d ie n t  o f  th e  e le c t r o a c t iv e  
sp e c ie s . T h e  d i f f u s io n a l f lu x  is  t im e  d e p e n d e n t a n d  th is  is  d e s c r ib e d  b y  Fick’s Second 
Law:
SC (x, t) = D ( fC (x ,  t)
a  S x2 (1.7)
T h is  e q u a t io n  r e f le c t s  th e  ra te  o f  c h a n g e  o f  c o n c e n t ra t io n  b e tw e e n  p a r a l le l  p la n e s  at 
p o in t s  x  a n d  (x + dx) w it h  t im e  a n d  is  v a l id  fo r  p la n e s  p a r a l le l  to  o n e  a n o th e r  a n d  
p e rp e n d ic u la r  to  th e  d ir e c t io n  o f  d i f f u s io n  ( l in e a r  d if fu s io n ) .  In  c a se s  w h e re  d i f f u s io n  
is  to w a rd s  a  s p h e r ic a l e le c t ro d e  i.e . th e  l in e s  o f  f lu x  a re  n o t  p a r a l le l  b u t  a re  
p e rp e n d ic u la r  to  s e g m e n ts  o f  th e  sp he re , Fick’s Second Law ta k e s  th e  fo rm :
dC = D/h2C + 2 5 C \
5/ \  S/*2 r h r /  (1.8)
w h e re  r is  th e  d is ta n c e  f r o m  th e  c e n tre  o f  th e  e le c tro d e . O v e r a l l ,  F i c k ’ s la w s  d e s c r ib e  
th e  f lu x  a n d  th e  c o n c e n t ra t io n  o f  th e  e le c t r o a c t iv e  s p e c ie s  as fu n c t io n s  o f  p o s it io n  an d  
t im e  [4],
1.2.4 Voltammetric, Ampcrometric, and Potentiometric Techniques
T h e  f o l lo w in g  s e c t io n s  a re  b y  n o  m e a n s  c o m p re h e n s iv e  d e s c r ip t io n s  o f  
e le c t r o a n a ly t ic a l te c h n iq u e s , n e ith e r  d o  th e y  re p re s e n t  th e  e n t ire  ra n g e  o f  te c h n iq u e s  
c u r r e n t ly  a v a i la b le  w it h  m o d e rn  in s t ru m e n ta t io n . R a th e r ,  th e y  re p re s e n t  th e  p a r t ic u la r  
t e c h n iq u e s  th a t w e re  e m p lo y e d  th ro u g h o u t  th e  c o u rs e  o f  th is  w o rk .
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1.2.4.1 Linear Sweep Voltammetry
L in e a r  sw e e p  v o lt a m m e t r y  ( L S V )  is  th e  s im p le s t  o f  th e  p o te n t ia l- t im e  w a v e fo rm s , in  
w h ic h  th e  p o te n t ia l a p p lie d  a c ro s s  th e  e le c t r o d e - s o lu t io n  in te r fa c e  is  s c a n n e d  l in e a r ly  
f r o m  an in i t ia l  v a lu e  Ej to  a  f in a l  v a lu e  Ef at a  c o n s ta n t  ra te  v . A n  e x c u r s io n  in  w h ic h  
the  p o te n t ia l b e co m e s  in c r e a s in g ly  p o s it iv e  i.e . g o in g  in  th e  p o s it iv e  d ir e c t io n ,  is  
te rm e d  a p o s it iv e  scan . In  L S V ,  o n e  g e n e r a lly  w a n ts  to  in it ia t e  th e  p o te n t ia l s c a n  at an 
Ei a t w h ic h  n o  r e a c t io n  o c c u rs  a n d  th e n  s c a n  th ro u g h  the  s ta n d a rd  e le c tro d e  
p o te n t ia l( s )  o f  th e  s p e c ie s  in  s o lu t io n . H e n c e ,  th e  c o m p o s it io n  o f  th e  r e a c t io n  la y e r  
w i l l  n o t  b e  a lte re d  a t the  b e g in n in g  b y  a p p lic a t io n  o f  Et. L S V  h a s  a  re a so n a b le  
d e te c t io n  l im it ,  d o w n  to  1 0 ‘5 m o l/ L  in  so m e  ca se s , w h ic h  c a n  b e  im p r o v e d  b y  
in c re a s in g  th e  s c a n  ra te  [10 ]. T w o  im p o r ta n t  p a ra m e te rs  in  L S V  a re  the  p e a k  
p o te n t ia l Ep a n d  the  p e a k  c u r re n t  ip. F o r  a  r e v e r s ib le  s y s te m  th e  p e a k  c u r re n t  is  
d e f in e d  b y  th e  R a n d le s - S e v c ik  eq u a tio n :
ip = (2.69 x 105)n3/2 AD1'2 C  J /2 (1.9)
w h e re  ip is  th e  p e a k  c u r re n t  ( A ) ,  n is  th e  n u m b e r  o f  e le c t ro n s  t ra n s fe r re d , A is  th e  
e le c t ro d e  a re a  ( c m 2), D is  th e  d i f f u s io n  c o e f f ic ie n t  ( c m 2/s), C° is  th e  c o n c e n t ra t io n  o f  
s p e c ie s  in  th e  b u lk  s o lu t io n ,  a n d  v i s  th e  scan  ra te  (V / s )  (a t 2 5 ° C ) . T h e  p e a k  p o te n t ia l 
( fo r  a  r e d u c t io n )  is  d e f in e d  by:
Ep = E 0,r -0 .0 2 9 /n  (1.10)
at 2 5 ° C  an d  w h e re  Ep a n d  Eo,r a re  e x p re s s e d  in  v o lt s .
In  th e  c a se  o f  an  i r r e v e r s ib le  sy s te m , th e  e q u a t io n  f o r  i p is  g iv e n  b y :
ip = (2.99x 10s)n (a n a) 1/2 AD1/2 C  \)/2 (1.11)
w h e re  a  is  th e  t ra n s fe r  c o e f f ic ie n t  a n d  na is  th e  n u m b e r  o f  e le c tro n s  t ra n s fe r re d  in  the  
ra te  d e te rm in in g  step  o f  th e  e le c t ro d e  p ro c e s s . T h e  p e a k  c u r rc n t  is  s t i l l  r e la te d  to  th e  
b u lk  c o n c e n t ra t io n , b u t  w i l l  b e  lo w e r  in  h e ig h t  (d e p e n d in g  o n  th e  v a lu e  o f  a ) .  T h e  
p e a k  p o te n t ia l is  n o  lo n g e r  in d e p e n d e n t  o f  th e  s c a n  ra te , as s h o w n  in :
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Ep =E° - R T  0.78 -In  k1 + V2 ln/a nJFv
ccn^F |_ D0m V RT ) (1.12)
w h e re  k; is  re la te d  to  th e  h e te ro g e n e o u s  ra te  c o n s ta n t  o f  th e  e le c tro n  t ra n s fe r  r e a c t io n
[10]. T h u s , Ep o c c u rs  at p o te n t ia ls  h ig h e r  th a n  E°, w it h  th e  o v e rp o te n t ia l r e la te d  to  k° 
a n d  a .  In d e p e n d e n t  o f  th e  v a lu e  o f  k°, s u c h  p e a k  d is p la c e m e n t  c a n  be c o m p e n sa te d  
b y  an  a p p ro p r ia te  c h a n g e  o f  th e  s ca n  ra te . T h e  p e a k  p o te n t ia l a n d  th e  h a lf - p e a k  
p o te n t ia l (a t 2 5 ° C )  w i l l  d i f f e r  b y  4 8 / a n m V  [4],
1.2.4.2 Cyclic Voltammetry
C y c l i c  v o lt a m m e t r y  ( C V )  is  th e  m o s t  w id e ly  u s e d  te c h n iq u e  fo r  a c q u ir in g  q u a lit a t iv e  
in f o rm a t io n  a b o u t e le c t r o c h e m ic a l re a c t io n s . Its  p o w e r  d e r iv e s  f r o m  it s  a b i l i t y  to  
p r o v id e  c o n s id e ra b le  in fo rm a t io n  o n  th e  th e rm o d y n a m ic s  o f  r e d o x  p ro c e s s e s , o n  the  
k in e t ic s  o f  h e te ro g e n e o u s  e le c t ro n - t ra n s fe r  r e a c t io n s , a n d  o n  c o u p le d  c h e m ic a l 
r e a c t io n s  o r  a d s o rp t io n  p ro c e s s e s  in  sh o rt  t im e s . A s  C V  is  a  lo g ic a l  e x te n s io n  o f  
l in e a r  sw e e p  v o lt a m m e tr y ,  th e  th e o ry  a n d  e q u a t io n s  in c lu d e d  in  th e  p r e v io u s  s e c t io n  
a ls o  a p p ly  to  th is  m e th o d . C y c l i c  v o lt a m m e t r y  is  o f te n  th e  f ir s t  e x p e r im e n t  p e r fo rm e d  
in  an  e le c t r o a n a ly t ic a l s tu d y , o f f e r in g  a c o n v e n ie n t  e v a lu a t io n  o f  th e  r e d o x  p o te n t ia ls  
o f  th e  r e d o x  s p e c ie s  a n d  a  d e te rm in a t io n  o f  th e  e f fe c t  o f  m e d ia  u p o n  the  r e d o x  p ro c e s s
C y c l i c  v o lt a m m e t r y  c o n s is ts  o f  s c a n n in g  l in e a r ly  th e  p o te n t ia l o f  a s ta t io n a ry  
w o r k in g  e le c t ro d e  ( in  a  q u ie s c e n t  s o lu t io n )  u s in g  a  t r ia n g u la r  p o te n t ia l w a v e fo rm . 
S in g le  o r  m u lt ip le  c y c le s  c a n  b e  p e r fo rm e d  d e p e n d in g  o n  th e  in fo rm a t io n  re q u ire d . 
F ig u r e  1.4 s h o w s  th e  p o te n t ia l- t im e  e x c ita t io n  a n d  r e s u lt in g  w a v e fo rm  fo r  C V .  T h e  
r e s u lt in g  p lo t  o f  c u r re n t  v e rsu s  p o te n t ia l is  a  cyclic voltammogram a n d  is  a 
c o m p lic a te d ,  t im e -d e p e n d e n t  fu n c t io n  o f  a la rg e  n u m b e r  o f  c h e m ic a l a n d  p h y s ic a l 
p a ra m e te rs . A s  in  l in e a r  sw e e p  v o lta m m e try ,  th e  im p o r ta n t  p a ra m e te rs  o f  a c y c l ic  
v o lt a m m o g ra m  a re  th e  m a g n itu d e s  o f  th e  p e a k  cu r re n t( s ) , ipa (a n o d ic )  and  ipc 
( c a th o d ic ) ,  a n d  th e  p o te n t ia ls  at w h ic h  the  p e a k s  o c c u r ,  Epa a n d  Epc (a  r e v e r s ib le  
s y s te m  w i l l  c o n ta in  a l l  o f  th e se  p a ra m e te rs ) . T h e  c y c l i c  v o lt a m m o g ra m  c a n  be  an  
im p o r ta n t  m e th o d  in  d e te rm in in g  w h e th e r  a s y s te m  is  r e v e r s ib le  o r  n o t. A  r e d o x  
c o u p le  in  w h ic h  b o th  s p e c ie s  (O a n d  R) r a p id ly  e x c h a n g e  e le c tro n s  w it h  th e  w o r k in g
[4].
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e le c t ro d e  is  te rm e d  a n  e le c t r o c h e m ic a l ly  r e v e r s ib le  c o u p le , a n d  c a n  b e  id e n t i f ie d  f r o m  
a  c y c l i c  v o lt a m m o g ra m  b y  th e  p re s e n c e  o f  tw o  p e a k s  and  b y  m e a su re m e n t  o f  th e  
p o te n t ia l d if fe r e n c e  b e tw e e n  th e  p o te n t ia ls  o f  th e se  tw o  p e aks :
AEP = Epa -  Epc ~ 0.058/n (1.13)
w h e re  n i s  th e  n u m b e r  o f  e le c t ro n s  t ra n s fe r re d . T h is  0.058/n V  s e p a ra t io n  o f  p e a k  
p o te n t ia ls  is  in d e p e n d e n t  o f  s c a n  ra te  f o r  a  r e v e r s ib le  c o u p le , b u t  is  s l ig h t ly  d e p e n d e n t 
o n  s w it c h in g  p o te n t ia l a n d  c y c le  n u m b e r . T h e  p o te n t ia l m id w a y  b e tw e e n  the  tw o  
p e a k  p o te n t ia ls  is  te rm e d  the  fo rm a l r e d u c t io n  p o te n t ia l o f  th e  c o u p le  [10]:
E°' = Epa + Epc /  2 (1.14)
1/2
W h e n  th e  s c a n  ra te  v  is  in c re a s e d , ipa a n d  ipc b o th  in c re a s e  in  p r o p o r t io n  to  v  . F o r  a
i n
r e v e r s ib le  c o u p le , p lo t s  o f  ipa a n d  ipc v e rsu s  v  s h o u ld  b e  l in e a r  w it h  in te rc e p ts  a t the  
o r ig in .  T h e  v a lu e s  o f  ipa a n d  ipc a re  s im i la r  in  m a g n itu d e  f o r  a  r e v e r s ib le  c o u p le  w it h  
n o  k in e t ic  c o m p lic a t io n s  i.e .:
ipa / ipc (1*15)
T h is  r a t io ,  h o w e v e r , c a n  b e  s ig n if ic a n t ly  in f lu e n c e d  b y  c h e m ic a l r e a c t io n s  c o u p le d  to  
th e  e le c t ro d e  p ro c e s s  [10].
E le c t r o c h e m ic a l  i r r e v e r s ib i l i t y  is  c a u se d  b y  s lo w  e le c t ro n  e x c h a n g e  o f  th e  
r e d o x  sp e c ie s  w it h  th e  w o r k in g  e le c t ro d e  a n d  is  c h a ra c te r is e d  b y  a  s e p a ra t io n  o f  p e a k  
p o te n t ia ls  th a t  is  g re a te r th a n  0.059/n V  an d  th a t is  d e p e n d e n t o n  th e  s c a n  ra te  (see
e q u a t io n s  1.11 an d  1 .12 ). In  C V ,  th e  p re s e n ce  o f  o n ly  o n e  p e a k  (a n o d ic  o r  c a th o d ic )
c a n  be  a n  in d ic a t io n  o f  i r r e v e r s ib i l i t y .  F o r  q u a s i- r e v e r s ib le  sy s te m s , th e  c u r re n t  is  
c o n t r o l le d  b y  b o th  th e  c h a rg e  t ra n s fe r  a n d  m a s s  t ra n sp o rt. O v e r a l l ,  v o lt a m m o g ra m s  o f  
a  q u a s i- r e v e r s ib le  s y s te m  a re  m o re  d ra w n -o u t  a n d  e x h ib it  a  la rg e r  s e p a ra t io n  in  p e a k  
p o te n t ia ls  c o m p a re d  to  th o se  o f  a  r e v e r s ib le  s y s te m  [4], F ig u r e  1.5 s h o w s  c y c l ic  
v o lt a m m o g ra m s  f o r  ir r e v e r s ib le  a n d  q u a s i- r e v e r s ib le  r e d o x  p ro ce ss e s .
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Figure 1.4: (A) Typical potential-time excitation signal for cyclic voltammetry, where 
E, is the initial potential, and Ef the final potential, and (B) resulting voltammogram 
(both adapted from [4]).
Figure 1.5: Cyclic voltammograms for quasi-reversible (curve A) and irreversible 
(curve B) redox processes (adapted from [4]).
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1.2.4.3 Square Wave Voltammetry
The square wave voltammetric waveform consists of a square wave superimposed on a 
staircase. The currents at the end of the forward and reverse pulses are both registered 
as a function of staircase potential. The difference between them, the net current, is 
larger than either of its two component parts in the region of the peak, which is centred 
on the half-wave potential. Figure 1.6 shows the square wave waveform and the 
resulting voltammogram. Contributions from capacitative currents can be effectively 
discriminated against before they die away, since, over a small potential range between 
the forward and reverse pulses, the capacity is constant and is hence negated by
_ Q , ,
subtraction. Detection limits lower than 10' mol/L are achievable employing SWV [9].
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F ig u r e  1 .6 :  (A ) E x c i t a t i o n  w a v e f o r m  f o r  s q u a r e  w a v e  v o l t a m m e tr y ,  M’h e r e  tp  is  th e  p u l s e  
w id th ,  A E P th e  p u l s e  a m p l i t u d e , a n d  A E S th e  s t e p  h e ig h t ,  a n d  (B ) r e s p o n s e  o b t a i n e d  in  
s q u a r e  w a v e  v o l t a m m e t r y  ( a d a p t e d f r o m  [ 5 ] ) .
1.2.4.4 Differential Pulse Voltammetry
Differential pulse voltammetry (DPV) involves the application of fixed-magnitude 
pulses -  superimposed on a linear potential ramp -  to the working electrode. The 
current is sampled twice, just before the pulse application and again late in the pulse 
life, when the charging current has decayed. The first current is subtracted from the 
second, and this current difference plotted versus the applied potential. The resulting
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differential pulse voltammogram consists of current peaks, the height of which are 
directly proportional to the concentration of the corresponding analytes. This method 
offers an effective correction of the charging background current and allows detection 
down to 10’ 8 mol/L [4], See Figure 1.7 for the differential pulse waveform and 
voltammogram.
F ig u r e  1 .7 :  (A ) E x c i t a t i o n  s i g n a l  f o r  d i f f e r e n t ia l  p u l s e  v o l t a m m e tr y ,  w h e r e  z i s  th e  d r o p  
t i m e  ( i f  p o l a r o g r a p h y  i s  u s e d ) ,  a n d  (B ) s c h e m a t i c  d i f f e r e n t ia l  p u l s e  v o l t a m m o g r a m  
( a d a p t e d f r o m  [ 5 ] ) .
1.2.4.5 Hydrodynamic Amperometry
Several elcctroanalytical techniques involve hydrodynamic flow of electrolyte over the 
electrode surface. These methods take advantage of the enhanced sensitivity resulting 
from the increased mass transport of electroactive substance to the electrode that occurs 
under hydrodynamic conditions [10], If a stationary electrode is employed with a 
stirred solution, three regions of solution flow result; (a) tu r b u le n t  f l o w  comprises the 
solution bulk, (b) as the electrode surface is approached, a transition to la m in a r  f l o w  
(non-turbulent) occurs, and (c) the rate of this laminar flow decreases near the electrode 
due to frictional forces until a thin layer of s t a g n a n t  s o l u t i o n  is present beside the 
electrode surface (the Nernst diffusion layer).
1 6
Figure 1.8 shows the concentration-distance profiles for voltammetry in stirred 
solution; A illustrates this profile for O under the condition that its surface concentration 
has not been perturbed (the cell is either at open circuit, or a potential has been applied 
that has not been sufficient to alter the surface concentrations of the O, R couple). The 
profiles in B represent the situation in which a potential is applied that requires equal 
concentrations of O and R at the electrode surface to satisfy the Nernst equation. The 
electrode electrolyses O to R at the rate necessary to maintain equal levels of O and R at 
the electrode surface. If this potential is maintained, a continuous electrolysis of O to R 
is required to maintain surface concentrations because R diffuses away from the 
interface across the stagnant layer and is then swept away by the laminar flow. Figure
1.8 C shows the profiles that result when the applied potential is sufficiently negative 
that the concentration of O at the electrode surface is effectively zero. Here, all of O at 
the electrode surface must be electrolysed to R to satisfy the Nernst equation and hence 
O is converted to R as quickly as it can diffuse to the surface of the electrode. This is 
the limiting condition and application of even higher electrode potentials will have no 
effect on the profiles [1 0 ].
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F ig u r e  1 .8 :  C o n c e n t r a t i o n - d i s t a n c e  p r o f i l e s  f o r  v o l t a m m e t r y  in  s t i r r e d  s o l u t i o n  
( a d a p t e d  f r o m  [ 1 0 ] ) .
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Direct-current amperometry (the measurement of electrochemical current in 
response to a fixed electrode potential) continues to be the most widely used finite- 
current electrochemical technique [11], Its applications include endpoint detection in 
volumetric and coulometric titrations and measurement of the activity of redox 
enzymes. Amperometry is often carried out in stirred or flowing solutions or at a 
rotated electrode and is thus termed hydrodynamic amperometry. Current, the 
magnitude of which is proportional to the concentration of analyte, is measured as the 
electroactive species undergoes an oxidation or reduction at the working electrode, 
which is held at a fixed operating potential. Hydrodynamic voltammetry, a steady-state 
technique from which amperometry is derived, is used to select the optimum operating 
potential.
1.2.4.6 Anodic Stripping Voltammetry and Potentiometric Stripping Analysis
Stripping analysis is an extremely sensitive electrochemical technique for measuring 
trace metals (see also Section 3.3.2). Its remarkable sensitivity is attributed to the 
combination of an effective preconcentration step with advanced measurement 
procedures that generate an extremely favourable signal-to-background ratio [4]. Limits 
of detection down to 10' 1 0 mol/L are achievable -  up to 2 to 3 orders lower than those 
obtained using solution-phase voltammetric measurements. Stripping analysis is 
essentially a two-step procedure. The first step, deposition, involves the accumulation 
of the metal ions on the electrode surface. This is followed by the stripping 
(measurement) step, which involves the dissolution (stripping) of the deposit. Anodic 
stripping voltammetry (ASV), used in this work, is the most widely used stripping 
technique. Figure 1.9 illustrates the potential-time waveform and resulting 
voltammogram for ASV.
Adsorptive stripping techniques, which are also used in this work, greatly 
enhance the scope of stripping measurements toward numerous trace elements. These 
techniques involve the formation, adsoiptive accumulation, and reduction of a surface- 
active complex of the metal. The accumulation and stripping steps in adsorptive 
stripping measurements are shown in Figure 1.10. In this work, both adsorptive 
stripping voltammetry (AdSV) and adsorptive stripping potentiometric analysis are 
employed. These methods greatly enhance the scope of stripping measurements by 
permitting the determination of those metals that cannot be measured using 
conventional stripping analysis. In AdSV, a negative-going potential scan is employed
1 8
for measuring the adsorbed complex, while potentiometric stripping analysis uses a 
constant cathodic current. The response of the surface-confined species is directly 
related to its surface concentration, with the adsorption isotherm providing the 
relationship between the surface and bulk concentrations of the adsórbate. As a result, 
calibration curves display non-linearity at high concentrations.
F ig u r e  1 .9 :  (A )  P o t e n t i a l - t i m e  w a v e f o r m  f o r  A S V , w h e r e  t j  i s  th e  t o t a l  t im e  o f  th e  
p r e c o n c e n t r a t i o n  s t e p ,  tds i s  th e  d e p o s i t i o n  t im e  w i t h  s t i r r in g ,  a n d  E d  is  th e  d e p o s i t i o n  
p o t e n t i a l ,  a n d  (B ) r e s u l t i n g  v o l t a m m o g r a m  f o r  A S V  ( a d a p t e d  f r o m  [ 5 ] ) .
F ig u r e  1 .1 0 :  A c c u m u l a t i o n  a n d  s t r i p p i n g  s t e p s  in  a d s o r p t i v e  s t r i p p i n g  m e a s u r e m e n t s  o f  
a  m e t a l  io n  ( M 1 ')  in  th e  p r e s e n c e  o f  a n  a p p r o p r i a t e  c h e l a t i n g  a g e n t  (L )  ( a d a p t e d  f r o m
[ 4 ] ) -
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1.3 Carbon-Based Electrodes
1.3.1 G la s s y  C a r b o n  E le c tro d e s
1.3.1.1 Composition and Features
Glassy carbon (GC) is made from a high-molecular weight carbonaceous polymer, often 
polyacrylonitrile, phenol/formaldehyde resin, etc. When such polymers are heated to 
600-800°C, most of the non-carbon components are volatilised, while the polymer 
backbone remains intact [12]. After this initial heat treatment, the material is slowly 
heated under pressure to temperatures of 1000°C, 2000°C or 3000°C, producing 
different types of glassy carbon. GC is hard and impermeable to liquids and gases. The 
resistance of GC is low enough to be negligible in electroanalytical experiments, while 
for smooth, heat-treated GC, the observed capacitance is quite low. In general, the 
background current using glassy carbon tends to be larger than on graphite composites 
because the entire surface is active. A surface pretreatment is usually required in order 
to create active and reproducible GC electrodes and to enhance their analytical 
performance [4]. The pretreatment procedure usually involves polishing the surface to a 
shiny “mirror-like” appearance with successively decreasing alumina particles (down to 
0.05 pm) on a polishing cloth. Other pretreatments such as electrochemical, chemical, 
heat or laser steps may also be employed. The improved electron-transfer reactivity of 
GC electrodes following these pretreatment techniques may be due to the removal of 
surface contaminants, exposure of fresh carbon edges, and an increase in the density of 
surface oxygen groups.
1.3.1.2 Construction of Glassy Carbon Electrode
Glassy carbon electrodes may be categorised as solid electrodes and can be stationary or 
rotating, usually in a planar disc configuration. They consist of a short cylindrical rod 
of the glassy carbon embedded in a tightly fitting tube of an insulating material (often 
Teflon) [4]. A schematic diagram and a photograph of a typical glassy carbon electrode 
are given in Figure 1.11. It is of critical importance to avoid crevices between the 
insulating material and the electrode material in order to prevent solution creeping and 
hence an increased background response. Electrical contact is provided at the rear face
2 0
of the electrode. Disc glassy carbon electrodes can also be used in flow analysis in 
connection with thin-layer or wall-jet detectors.
A
F ig u r e  1 .1 1 :  (A ) S c h e m a t i c  o f  a  g l a s s y  c a r b o n  e l e c t r o d e  ( f r o m  w w w .  b io a n a l y t i c a l .  c o m ) 
a n d  (B) p h o t o g r a p h  o f  a g l a s s y  c a r b o n  e le c t r o d e .
1.3.2 C a r b o n  Paste  E le c tro d e s
1.3.2.1 Composition and Features
Polycrystalline graphite (microcrystalline graphitic material with 3.354 A interplanar 
spacing and 50 -  500 A crystallites) is made by heat-treating high-molecular-weight 
petroleum fractions at high temperatures to bring about graphitization. When 
combined with a “heavy” hydrocarbon such as Nujol or hexadecane (typically ca. 
70 % carbon by weight) and packed into an inert holder (e.g. Teflon), a carbon paste 
electrode results [12] (see Figure 1.12). Such electrodes provide an easily renewable 
and modifiable electrode surface, are of low cost and have very low background 
current contributions [4], The paste composition greatly affects the electrode 
reactivity, with an increase in the pasting-liquid content decreasing electron-transfer 
rates as well as the background current contributions. Such electrodes have grown 
increasingly popular in recent years, although the exact behaviour of these electrodes 
is not fully understood. It is possible that some of the electrochemistry observed at 
these electrodes involves permeation of the pasting liquid layer by the electroactive 
species [4], Modification of the carbon paste electrode is easily achieved by adding
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the m odifier(s) to the pow dered graphite and binder, such as is the case w ith, for 
exam ple, carbon-based biosensors contain ing enzym es [13].
C arbon  paste electrodes have been em ployed  in  a num ber o f  applications such 
as determ ination o f  heavy m etals, glucose, u ric acid, dopam ine and serotonin [14-17].
A  great num ber o f  applications o f  carbon paste electrodes can be found in  reference
13 and references therein.
1.3.3 Screen Printed Electrodes
1.3.3.1 Composition and Features
Production  o f  screen printed electrodes in vo lves several steps, in clu d ing  p lacem ent o f  
an in k  (both conducting and insulating) onto a patterned screen or stencil, fo llow ed  by  
fo rc in g  it through the screen w ith  the a id  o f  a squeegee on to a p lanar substrate 
(plastic or ceram ic), and then d ryin g  / curing  the printed patterns [4], Su ch  a process 
yie lds m ass-producib le  (un iform  and disposable) electrodes o f  d ifferent shapes or 
sizes (see F ig u re  1.12). Th e  e lectrochem ical reactivity and overall perform ance o f  
screen-printed electrodes are dependent upon the com position  o f  the in k  em ployed  
and on the prin ting  and curing conditions (temperature, pressure, etc.)
S uch  carbon-based electrodes have found w idespread use in  m any areas o f  
electroanalytical chem istry, such as in  the m easurement o f  glucose, pesticides, lead, 
ethanol, and lactic acid [18-22],
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F ig u r e  1 .1 2 :  (A ) S c h e m a t i c  o f  a  c a r b o n  p a s t e  e l e c t r o d e  a n d  c a r b o n  p a s t e  s u r f a c e  a n d  
(B ) s c h e m a t i c  o f  a  t y p i c a l  s c r e e n - p r i n t e d  e le c t r o d e .
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1.3.4 Microelectrodes
1.3.4.1 Definition and Trends in Development
A lth ou g h  the use o f  m icroelectrodes has becom e increasing ly popular since the 1970s, 
there exists as yet no I U P A C  nom enclature for such electrodes. Indeed, the term  
“m icroelectrodes” has several different m eanings; in industrial usage, it is routinely the 
term fo r an electrode w ith centimetre d im ensions [23]; W an g  has called  a carbon paste 
or graphite-epoxy electrode w ith  a tip diam eter o f  50-200 |xm a m icroelectrode [24]; 
w h ile  B o n d  has described a m icroelectrode as any electrode having at least one 
d im ension  w ith  a size less than 25 [xm [25], Th e  latter appeal's to be the m ost 
appropriate description o f  a m icroelectrode defined in  terms o f  its size. The  
electrochem ical behaviour o f  an electrode is an im portant criterion for determ ining  
whether or not it is a m icroelectrode. A n  electrode w h ich  exhibits steady-state or quasi­
steady state c y c lic  voltam m etric behaviour in  a know n and stable electrochem ical 
system (e.g., 1 m m ol/L  potassium  ferricyanide in  a 0.1 m ol/L K C 1  solution) at a 
reasonable tim e scale (e.g., at scan rates from  10 to 100 m V/s), is described as a 
m icroelectrode.
Th e  earliest application o f  a true m icroelectrode was in  1942 in  D av ies and 
B r in k ’ s w o rk  on the m easurement o f  oxygen  concentrations in b io lo g ica l tissues [26], 
In subsequent years, little attention was paid  to the subject due to the lack  o f  technology  
necessary to produce com m ercia l devices and tools for m easuring the sm all currents 
produced b y  these devices. In 1980, the theory for a sem i-infin ite linear (non-planar) 
d iffu sio n  p ro file  m ore suitable to m icroelectrodes than the p lanar d iffu s io n  m odel o f  
conventional electrodes (o f m m  dim ensions) w as established b y  F le isch m a n n ’s group 
(ref. 25 and reference therein). A  year later, m icroelectrodes were introduced in  several 
new  areas that were inaccessib le to conventional size electrodes [27]. F igure  1.13 
illustrates the dram atic increase in  publications reporting on m icroelectrodes.
1.3.4.2 Intrinsic Voltammetric Advantages
N u m erou s advantages arise from  the p h ys ica lly  sm all size (diam eters from  
subm icrom eter to tens o f  m icrom eters) o f  m icroelectrodes. These include:
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(a )  F a s t  M a s s  T r a n s p o r t
A t  extrem ely sm all electrode surfaces, the d iffu s io n  process in  the d iffu s io n  layer is 
dependent on the size and geom etry o f  the electrode. In a stationary state, d iffu sion  is 
p rim arily  perpendicular to the surface o f  a conventional electrode (planar d iffusion), 
whereas radial d iffu s io n  to the edges o f  the surface o f  a m icroelectrode becom es 
im portant and its contribution to the overall d iffu sion  correspondingly greater. 
H ence, under identical conditions, the d iffu s io n  rate o f  e lectrochem ica lly  active  
species is s ign ifican tly  larger at a m icroelectrode than at a conventional electrode 
[28], A  steady-state response arises w hen the electrolysis rate is equal to the rate at 
w h ich  m olecu les d iffuse to the surface and a steady-state voltam m ogram  (sigm oidal 
voltam m etric curve) results [29], E q u ilib r iu m  is m ore easily established at a 
m icroelectrode than at a conventional sized electrode, and hence, a sigm oidal 
voltam m etric curve w ill result at the m icroelectrode, w hile  a peak-shaped  
voltam m ogram  is obtained at a conventional sized electrode. F igure  1.14 illustrates 
the near or quasi steady-state behaviour observed at a cy linder m icroelectrode and the 
typ ica l peak-shaped c y c lic  voltam m ogram s obtained under the same conditions at a 
conventional sized glassy carbon electrode. N ear steady-state or steady-state current 
behaviour is actually  obtainable at electrodes o f  a ll sizes, but the tim e scale (scan rate) 
required to reach this behaviour at conventional m illim eter sized electrodes is far too 
long  (too slow ) to be o f  any practical use in  experim ental w ork [30],
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Figure 1.13: Trend in rate o f publications on microelectrodes (from http://wos. izum. si).
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F ig u r e  1 .1 4 :  C y c l i c  v o l t a m m o g r a m s  o f  1 m m o l /L  p o t a s s i u m  f e r r i c y a n i d e  in  0 .1  m o l /L  
K C l  s o l u t i o n  a t  ( (A )  a n d  ( C ) )  a  c a r b o n  f i b r e  c y l i n d e r  m i c r o e l e c t r o d e  ( 3 .5  [ m  r a d iu s ,
0 .2 2  m m  le n g th )  a n d  a t  ( ( B )  a n d  ( D ) )  a  g l a s s y  c a r b o n  d i s c  e l e c t r o d e  ( 1 .0  m m  r a d i u s ) ;  
s c a n  r a t e :  (a )  a n d  (c ) , 1 0  m V /s ;  (b )  a n d  (d ) , 1 0 0  m V /s . A  a n d  B: C u r r e n t  v s . P o t e n t ia l .  
C  a n d  D :  C u r r e n t  D e n s i t y  ju A /c m  v s . P o te n t ia l .
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(b )  D e c r e a s e d  C a p a c i t a n c e  a n d  E n h a n c e d  S i g n a l  to  N o i s e  R a t io
The electrochemical double layer behaves like an electrolytic capacitor, i.e. when the 
applied potential is changed a current flows to charge the double layer capacitance. 
This process complicates the electrochemical measurement in two respects; the potential 
at the interface does not reach the applied potential until this charging process is 
complete, and the charging and faradaic currents are convolved at short times. Hence, it 
is desirable to minimise the magnitude of the charging current and the time it takes to 
charge the double layer [29], From the equation:
« J _
ic rC,,v (1.16)
where r  is the electrode radius, C (\ is the double-layer capacitance, and v is the scan rate, 
it is evident that reducing the electrode radius and / or lowering the scan rate will result 
in an enhanced signal-to-noise ratio. In addition, the reduced capacitance, which results 
from the reduced electrode size permits the usage of rapid scan rates (e.g., 105 V/s), 
hence permitting the exploration of very fast electrochemical reactions on a low 
microsecond or even a nanosecond timescale [29].
(c )  I n c r e a s e d  C u r r e n t  D e n s i t y
For steady-state diffusion to a flat-plate electrode:
IL = DCnF /  8  (1.17)
5, which is the steady-state diffusion layer (cm), becomes constant after about 1 s of 
electrolysis due to the intervention of convection superimposed on diffusion, and has a 
value in a solution that is not artificially stirred of about 0.05 cm [31], It was found that 
for a spherical electrode of radius less than the diffusion layer thickness, the maximum 
diffusion-controlled current is no longer D C F / r ,  but rather D C ,F /r . This opens the 
possibility of obtaining increased limiting diffusion currents and increasing the range of 
current densities at which reaction rates can be measured without disturbance by 
interfering diffusion of reactants to or from the electrode. Hence, by using a 
microelectrode, the maximum current density that remains free from transport control
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can be increased by up to several thousand tim es [31]. T h is  increase in  current density  
is evident in  F ig ure  1.14 (C  and D ), in  w h ich  the current density fo r 0.1 m ol/L  KC1  
m easured at the carbon fibre m icroelectrode is over 100 tim es greater than that at a 
glassy carbon electrode. In addition, the contribution to steady-state current by  
convection  is not apparent at m icroelectrodes, thus m aking  them  particu larly  applicable  
for use in  flo w in g  system s [32, 33],
(d) Reduced Ohmic Effects
W h en  faradaic and charging currents f lo w  through a solution, they generate a potential 
that acts to w eaken the applied  potential b y  an am ount iR, where i is the total current, 
and R is the ce ll resistance [29], T h is  can lead to distortions o f  the experim ental 
responses. M icroe lectrodes reduce these ohm ic effects considerably, as the faradaic 
currents observed are ty p ica lly  six  orders o f  m agnitude sm aller than those at 
conventional size electrodes. These sm all currents m ay com pletely elim inate iR 
problem s, even w hen w o rk in g  in  resistive m edia  such as organic solvents.
(e) High Temporal and Spatial Resolution
T h e  sm all size o f  m icroelectrodes m akes their use in  m icro-location  and m icro-vo lum e  
m easurem ents possib le  -  a distinct advantage w hen com pared to large, conventional 
size electrodes.
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1.3.4.3 Shapes, Responses and Fabrication
Several microelectrode geometries exist; disc, band, cylinder, ring, cone, sphere, and 
array, with each form exhibiting its own distinct diffusion profile (see Figure 1.15). Of 
these geometries, disc and cylinder microelectrodes are the most commonly used. The 
most popular materials include platinum, carbon fibres, and gold, although mercury, 
iridium, nickel, silver, and superconducting ceramics have been used [34-40],
The surface of a disc microelectrode is not uniformly accessible, nor are all 
points equivalent as electroactive species are primarily depleted by electrolysis at the 
disc electrode boundary, thus inducing non-uniform diffusion and varying current 
densities. The total diffusion-limited current composed of the planar flux and radial 
flux diffusion components is:
where for a disc microelectrode, the general expression for the radial component is
where r  is the radius of the electrode, a is a function of the electrode geometry (4, 4 n  
and 2 n  for discs, spheres and hemispheres, respectively), D  is the diffusion coefficient, 
and C  is the concentration [4]. (Diffusion behaviour at spherical and ring electrodes is 
similar to this). The extent to which either predominates depends on the dimensions of 
the electrode and the diffusion layer. When the diffusion layer is larger than the 
electrode ( D t / r 0 2 >  1 ), the current approaches steady-state and sigmoidal
voltammograms are obtained. Conversely, at small values of D t / r 02, planar diffusion 
predominates and peak-shaped behaviour is observed [4].
The case for radial diffusion to a cylinder microelectrode differs slightly. Here, 
diffusion is identical at any cross-section plane perpendicular to the cylinder axis except 
at the end of a cylinder, which can be ignored. The limiting current of such an electrode 
is dependent on the length, and is often referred to as quasi-state current and is 
described by:
(1.18)
given by:
irad ial =  arnFDC (1.19)
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il = 2nFDCL 
In [2(Dl),/2/ r] (1.20)
where L and r are the length and radius o f  the cylinder, respectively . Th e  
electrochem ical behaviour observed at a band m icroelectrode is sim ilar to that obtained  
at cy lin d er m icroelectrodes.
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Figure 1.15: Illustrations of the most common microelectrocle geometries and their 
corresponding diffusion fields (adapted from [29]).
Several techniques have been devised for constructing m icroelectrodes o f  the 
aforem entioned geom etries [41]. F o r  each geom etry, the dim ension o f  the insulation  
layer surrounding the m icroelectrode has to be considered, as this w ill affect the overall 
size o f  the m icroelectrode and hence its potential app licab ility . T h e  m ost com m on  
m icroelectrode fo rm  is the cy lin d er due to its relative ease o f  preparation and re latively  
large response signal. It is constructed b y  attaching a thin m etal w ire (e.g. platinum ) or 
a carbon fibre  to a copper w ire and sealing this in  a g lassy cap illary  w ith  the w ire  or 
fibre le ft protruding [26]. D is c  electrodes can be fabricated b y  attaching conducting  
w ires or sheets in  either a large or sm all insulator. D is c  electrodes contained in  large 
housing  are easily  po lish ed , w h ile  those contained in  a th in  insulation layer require  
som e sk ill to prepare (e.g. tip  cutting) or expensive equipm ent (e.g. a m icro-beveller)  
[42]. C o n e  m icroelectrodes can be obtained by etching a carbon fibre or m etal w ire  
using  ion-beam , flam e, electrochem ical, or chem ica l vapour deposition  techniques.
B an d  array electrodes have been constructed using lithography [26, 43-46]. 
M icroe lectrodes w ith  an integrated reference electrode have also been constructed [47, 
48]. A  m ore detailed description o f  the fabrication o f  carbon fibre cy linder
m icroelectrodes w ill be g iven in Section 4.5.
1.3.4.4 Carbon Fibre Microelectrodes
C arb on  fibres are long bundles o f  linked graphite plates and are co m m o n ly  m ade from  
petroleum  pitch  or p o lyacry lon itrile , w ith  a three step procedure o f  (a) stabilisation, (b) 
carbonisation and (c) graphitisation (heat treatment procedure s im ilar to that o f  glassy  
carbon (see Section 1.3.1.1)). T h e  carbon m aterial is draw n out during the curing  
process to form  filam ents, w ith the process designed to orient the a axis along the fibre  
axis. T h e  fin ished  fibre has a cross-section o f  the “ on ion” , “ rad ia l” , or “ random ” type, 
and the fibre generally exhib its a h igh  fraction o f  the edge p lane [26]. There are two  
types o f  carbon fibre; nearly  perfect oriented carbon fibres, w h ich  have h igh  tensile 
strength, and disordered fibres, w h ich  have low er tensile strength and m ore defects on  
the cy lin d rica l w all. T y p ic a l diameters o f  carbon fibres range from  5 - 1 5  ^m. F igure  
1.16 illustrates the structure o f  the carbon fibre cy linder m icroelectrodes em ployed in  
this w ork.
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Figure 1.16: (A) Schematic of a CFCME, (B) Photograph of CFCME, (C) Optical 
microscopy image of the carbon fibre-glass interface and (D) SEM micrograph oj 
carbon fibre-glass interface.
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1.4 Electrode Modification
1.4.1 P u rp o s e  a n d  D e fin it io n
Increasing requirements for versatility  and accuracy o f  analysis have lead to much 
research and developm ent in  the fie ld  o f  analytical chemistry. H ig h ly  specific, sensitive 
and effic ien t analytical methods are necessary, especially fo r the analysis o f  trace 
components in  com plex samples [49], M o d ern  analytical instrum entation is a pow erfu l 
tool for this purpose. H ow ever, the selective detection and /  or separation o f  analytes 
are im portant to avoid errors due to m atrix  effects. A  deliberate design o f  the analytical 
sensor can im prove its abilities according to the needs o f  an analytical problem . 
C hem ica lly  m od ified  electrodes (C M E s ), as an exam ple o f  this approach, have attracted 
considerable interest in  recent decades as researchers have sought to exert m ore direct 
control over the chem ical nature o f  an electrode [50], For the analytical chemist, this 
means the preparation o f  a sensor that makes the desired electrochem ical reaction  
sim pler and more rapid.
A  chem ically  m od ified  electrode m ay be defined as an electrode made of a 
conducting or semiconducting material that is coated with a selected monomolecular, 
multimolecular, ionic, or polymer film or a chemical modifier and that by means of 
faradaic (charge-transfer) reactions or interfacial potential differences (no new charge 
transfer) exhibits chemical, electrochemical, and/or optical properties of the film [51]. 
W hen  one component o f  the m odification  layer is a biological com pound such as an 
enzym e, such a m od ified  electrode is term ed a biosensor. A  C M E  consists o f  tw o  parts
-  the substrate electrode and a layer o f  chemical m od ifier [49], The choice o f  the parts 
is determ ined by the desired analytical features o f  the sensor. F igure 1.17 shows the 
strategy o f  sensor preparation.
M ethods em ployed fo r the introduction o f  a m od ifier onto the surface o f  the 
substrate electrode are based on on ly  a few  approaches:
( i)  direct irreversible adsorption,
( i i )  covalent attachm ent to specific surface sites,
( i i i )  coating w ith  a po lym er film , and
(iv ) m ix in g  o f  the electrode substrate w ith  a slightly soluble m od ifier and any further 
com ponent (e.g., N u jo l and epoxy resin) [49],
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These and others will be discussed in more detail in the proceeding section. Many 
variations in the approach illustrated in Figure 1.17 exist, and there are numerous 
diverse methods for the attachment of the modifier. The most important criteria are the 
achievement of simple and reproducible fabrication procedures, resulting in robust 
CMEs. The level of modifier loading and modifier binding can be varied to achieve 
optimal mechanical and chemical stability. The activity of the modifier towards the 
analyte should be constant over a wide concentration range, and should exhibit low 
background current [49]. According to the chemical nature of the modifier and the 
thickness of the layer, the modified surfaces can be divided into three main categories:
(i) thin layers of materials with a low relative molecular mass,
(ii) polymer films, and
(iii) layers of inorganic materials.
Figure 1.17: Strategy o f CME sensor development (adapted from [49]).
The bare substrate electrode used for the CME preparation must exhibit certain 
necessary electrochemical parameters in order to yield satisfactory attachment of 
modifier. The most common substrate electrodes are solid electrodes such as gold, 
platinum, graphite, glassy carbon, etc. Microelectrodes have become increasingly
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popular as substrates for CMEs. In general, the surface of the substrate electrode must 
be activated prior to modification. Physical, chemical and electrochemical cleaning, 
and adjustment of the oxygen level etc., are some of the most common approaches.
Chemical modification of the electrode may enhance the sensitivity and / or 
selectivity of the device towards a particular analyte(s) by exploiting several phenomena 
that occur at chemically modified electrodes. These include:
(i) accumulation of analytes from dilute solution, usually preceding detection, in 
order to improve detectability. The preferential accumulation of metallic as well 
as non-metallic species in the modifying layer represents an extensive 
application field of CMEs in inorganic and organic trace analysis. The method 
consists of three steps -  accumulation, detection and regeneration, and is 
analogous to conventional stripping voltammetry. However, at CMEs, a non­
electrochemical step is responsible for the accumulation (see Figure 1.18), 
thereby permitting the accumulation of analytes that cannot be preconcentrated 
electrolytically. A nontronite/cellulose acetate-coated glassy carbon electrode
were found to exhibit good accumulation ability for Cu2+ in ammoniacal
2_|_
medium [52], The modified electrode accumulated the [Cu(NH3 )4 ] complex 
through the ion-exchange ability of nontronite, and permitted Cu2+ to be 
determined down to 1.73 (-ig/L.
/ ' / / / '  c  / /  /  /  /  /
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Figure 1.18: Scheme for metal (M) preconcentration; L = ligand (adapted from [49]).
(ii) electrocatalysis to mediate electron transfer between the electrode and the 
analyte, which otherwise undergoes very slow electrochemical reaction at the 
more commonly used bare electrodes. This process is shown in Figure 1.19. 
The reduced form of the mediator, Mred, is readily oxidised at the electrode. Its 
oxidised form Mox then interacts in a chemical reaction with the substrate (S -  
the analyte) diffusing from the bulk of the solution, to yield a product (P) and 
regeneration of the catalyst Mred [49]. The reduced C-60-[dimethyl-(beta-cyclo-
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dextrin )]2/N afion®  C M E  was found to successfully catalyse the electrochem ical 
response o f  norepinephrine [53], A  glassy carbon substrate electrode m odified  
using the sol-gel technique w ith  sol-gel glass th in  film s containing 12-m olybdo- 
phosphoric acid was shown to exh ib it a high electrocatalytic response fo r the 
reduction o f  iodate [54], Iodate in  table salt was determ ined dow n to 1 fim o l/L . 
The application o f  organom etallic mediators such as the ferrocenes, 
phthalocyanines, hexacyanoferrate, ruthenium  oxide complexes and m etallo- 
porphyrins, and organic mediators including the phenoxazines, phenathiazines, 
phenazines, quinone-hydroquinones and tetrathiafulvalene, in  the determ ination  
o f  a w ide range o f  substances o f  biological im portance is described in  a 
thorough rev iew  by W rin g  e t  a l. [55]. These mediators, w hich act as 
electrocatalysts, w ere used in  the determ ination o f  substances such as glucose, 
hydrogen peroxide, cholesterol, galactose, carbohydrates, and dopam ine, 
amongst others.
F ig u r e  1 .1 9 :  S c h e m e  o f  m e d i a t e d  e l e c t r o c a t a l y s i s  ( a d a p t e d  f r o m  [ 4 9 ] ) .
( i i i )  c h e m i c a l  t r a n s f o r m a t i o n  in  w h ich  an electroinactive analyte can be reacted w ith  
the appropriate reagent im m obilised at the chem ically  m odified  electrode to 
y ie ld  an electroactive product suitable for electrochem ical determ ination. This  
scheme is illustrated in  Figure 1.20. A  self-assembled m onolayer was form ed on 
a gold surface from  a solution o f  th iolated alpha-cyclodextrin , creating an array 
o f  ultram icroelectrodes, w hich  captured electroactive m olecules such as those o f  
ferrocene [56], W h en  the m odified  electrode was exposed to an 
electrochem ically inactive compound, the ferrocene molecules were replaced by 
the electroinactive m olecules v ia  an equilibrium  established between the tw o
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com pounds, low ering  the current fo r ferrocene oxidation. Th e  decrease in  
current was d irectly  proportional to the amount o f  inactive com pound added (in 
this case glucose). A  conducting  poly(3-m ethylthiophene) po lym er m od ified  
p latinum  electrode was em ployed in  the determ ination o f  som e electroinactive  
an ion ic  species such as nitrate, sulphate, and ch loride [57].
0  0  0  0
F ig u r e  1 .2 0 :  P r i n c i p l e  o f  th e  d e t e c t i o n  o f  e l e c t r o i n a c t i v e  io n s  ( a d a p t e d  f r o m  [ 4 9 ] ) .
(iv) p e r m e a b i l i t y ,  w h ich  describes d iscrim inative transport through a m em brane
coating that controls the access o f  analyte and interfering substances to the 
electrode surface i.e. an electrode coated w ith  the perm eable m em brane is 
accessible to the target analyte w h ile  interfering substances are rejected or 
prevented from  reaching the electrode surface. See F igure  1.21. Surfactant 
interference at the b ism uth film  electrode was circum vented b y  using a Nafion®  
coating [58], C e llu lo se  acetate w as em ployed as an anti-interference barrier on 
screen-printed carbon electrodes, perm itting the rap id  and selective deter­
m ination  o f  paracetam ol in  urine, w ith  a lim it o f  detection o f  13 |imol/L [59],
Figure 1 . 2 1 :  Scheme for a permselective coating (adapted from [ 4 9 ] ) .
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(v) i o n ic  e q u i l i b r i a , whereby an electrolyte solution containing an analyte ion is on 
one side of a selective ion-exchange membrane and a solid electrode on the 
other. A review of ion-exchange voltammetry at polymer-coated electrodes is 
given in [60],
(vi) c o n t r o l l e d - r e l e a s e  in which an analyte accumulated at the chemically modified 
electrode can undergo quantitative release to the test solution. Polypyrrole film 
modified electrodes were used as an electro-releasing reservoir [61]. The 
electrochemically controlled release of 5-fluorouracil from this modified 
electrode to aqueous electrolytes was studied, with the released amount 
controlled by the reduction potential and proportional to the thickness of the 
film.
In addition, modification of an electrode can reduce analysis times by eliminating the 
need for sample preparation / separation procedures.
1.4.2 S u rfa c e  M o d if ic a t io n  A p p ro a c h e s
Several methods exist for the preparation of chemically modified electrodes, of which 
the most common will be briefly described here:
(a) Chemisorption / Self-Assembled Monolayers
Chemisorption (chemical adsorption) is an adsorptive interaction between a molecule 
and a surface in which electron density is shared by the adsorbed molecule and the 
surface [62], This interaction requires direct contact between the chemisorbed molecule 
and the electrode surface; as a result, the highest coverage achievable is usually a 
monomolecular layer. In addition to this coverage limitation, chemisorption is rarely 
completely irreversible, with the chemisorbed molecules slowly leaching into the 
contacting solution phase during the duration of the experiment. Monolayers which 
have spontaneously adsorbed onto an electrode surface are commonly referred to as 
“self-assembled” monolayers (see Figure 1.22). This type of electrode modification is 
extremely suitable for studying fundamental aspects of electrochemistry, e.g., electron- 
transfer kinetics / mechanisms, adsorption processes, solvation effects, ion pairing and 
the effects of intermolecular interactions [63-67]. Sulphur containing groups (thiols, 
sulphides and disulphides) are popular chemisorption agents for the modification of
37
gold (and other) electrode surfaces. A  self-assembled m onolayer o f  a heterocyclic th io l, 
m ercaptobenzim idazole, on a gold electrode was used in  the vo ltam m etric  sensing o f  
uric acid in the presence o f  100 fo ld  excess o f  ascorbic acid [68 ]. A  gold electrode 
m odified  w ith  a m onolayer o f  an arom atic th io l, 4 -am inothiophenol, showed 
electrocatalytic activ ity  towards the oxidation o f  N A D H , w ith  an overpotential 600 m V  
low er than at the bare electrode [69].
F ig u r e  1 .2 2 :  F o r m a t io n  o f  a  s e l f - a s s e m b l e d  m o n o l a y e r  o n  a  g o l d  s u r f a c e .
(b ) O rganic Polym ers
Coating o f  an electrode w ith  polym er film s has proved to be one o f  the simplest and 
most versatile approaches fo r surface m odification. A n  enormous num ber o f  polymers  
have been used to prepare chem ically  m od ified  electrodes. These can be divided into  
three general categories: r e d o x  p o l y m e r s , w hich  contain electroactive functionalities  
either w ith in  the m ain  polym er chain or in  side groups pendent to this chain (e.g., 
poly(v iny lferrocene); io n - e x c h a n g e  a n d  c o o r d i n a t i o n  p o l y m e r s ,  w hich  are not 
electroactive themselves, but can incorporate electroactive guest molecules (e.g. 
p o ly (v in y lp yrid in e ) and N afion® ); and e l e c t r o n i c a l l y  c o n d u c t i v e  p o l y m e r s ,  where the 
polym er chains are themselves electroactive (e.g. polypyrro le) [62 ]. Several methods 
exist fo r the application o f  po lym er film s  to the electrode surface. The simplest is dip- 
coating, w h ich  involves dipping the electrode surface into a solution o f  polym er, 
rem oving it, and a llow ing  it to dry. This procedure can be repeated in  order to achieve a 
th icker po lym er film . A  drawback o f  this method is that it is d ifficu lt to control the
thiol disulphide
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am ount o f  m aterial that ends up on the electrode surface. A noth er m ethod in vo lves the 
app lication  o f  a m easured amount o f  so lution to the surface, w h ich  a llow s m ore accurate 
control o f  the am ount o f  m aterial deposited. Spin-coating is used w id e ly  in the sem i­
conductor industry and yie lds very  u n ifo rm  film  thicknesses. F in a lly , po lym er film s  
can be e lectropolym erised d irectly onto the electrode surface [62], T h e  range o f  
applications for p o lym er m odified  electrodes is vast. A n  enzym atic b iosensor based on 
a horseradish-peroxidase-ferrocene carbon paste m odified  electrode coated w ith a layer 
o f  e lectrochem ica lly  generated poly(o-am inophenol) was em ployed in  the determ ination  
o f  hydrogen peroxide in  m ilk  [70], N itrite  in  com m ercial fertilizer was determined  
using an electrochem ical sensor developed from  a redox polym er 
[R u(bipy)2(P V P ) io C ]C l, where b ipy is 2 ,2 ’= bipyridy l and P Y P  is po ly-(4-v in y lpyrid in e)  
[71]. T h e  m od ified  electrode was an e fficient electrocatalyst for nitrite oxidation, 
pro v id in g  a current am plification  o f  at least three times com pared to the unm odified  
electrodes. A  Nafion®  m od ified  carbon paste electrode was em ployed  in the 
determ ination o f  clenbuterol dow n to 1.02 nm ol/L in bovine urine extracts [72], 
Form aldeh yde, after in  situ conversion to an io n ic  derivative, was accum ulated on a 
Nafion® -coated m ercury film  electrode, and detected at lim its dow n to 34 nm ol/L [73], 
A  platinum  electrode m od ified  b y  electropolym erisation o f  p o lypyrro le , using chloride  
as dopant, w as em ployed  for the detection o f  am m onia [74], F o llo w in g  im m obilisation  
o f  urease and creatinine im inohydrolase, the m odified  electrode was used as an internal 
detector in  am perom etric biosensors for urea and creatinine.
(c) Zeo lites and C la ys
Zeolites , clays and other m icrocrystalline-structured materials are o f  interest in  
electrode m od ifica tion  due to their ion-exchange properties. T h e y  also exh ib it w ell- 
defined m icrostructures that can w ithstand h igh  temperatures and h ig h ly  oxid ising  
so lution environm ents [62]. F o r exam ple, clays have a sheet-like structure, and zeolites 
contain  pores and channels o f  w ell-defined  diameter. O ne o f  the key  points in the 
electrochem istry o f  these m aterials is the electrochem ical accessib ility  o f  redox-active  
species w ith in  the zeolite fram ew ork. A  nontronite clay-m od ified  screen-printed carbon 
electrode w as em ployed  in  the determ ination o f  codeine in  pharm aceutical form ulations
[75]. C arbon  paste electrodes m od ified  w ith  five  different so ils were prepared and their 
heavy m etal ion  uptake behaviour investigated using a m odel Cu(II) aqueous solution
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[76]. Electrochemically preanodized clay-modified electrodes were used for the 
detection of uric acid or dopamine in the presence of a high concentration of ascorbic 
acid by square wave voltammetry [77]. Glucose oxidase was immobilized between two 
nontronite clay coatings on a glassy carbon electrode with methyl viologen as mediator, 
with the modified electrode being applied in the determination of glucose [78],
(d) Polymers of Transition Metal Complexes and Metal Oxides
These types of modifiers are classified into several categories: (i) ferrocene and related 
compounds, (ii) poly-cyanometallate (Prussian Blue and its analogues), (iii) 
phenanthroline complexes, (iv) pyridine complexes, (v) porphyrin complexes, (vi) 
phthalocyanine complexes, and (vii) metal oxides [28], They are usually deposited onto 
the electrode surface from an appropriate solution containing precursor salts by using 
cyclic voltammetry in a suitable potential range. Films formed from poly- 
cyanometallates possess particularly interesting electrochemical and optical properties, 
exhibiting electrochromism -  the ability of a material to change its colour upon a 
change in oxidation state [62], A glassy carbon electrode modified with an 
electrochemically deposited ferrocene-modified polyaniline film, was used for 
determination of hydrogen peroxide at low potential [79]. A recent review describes the 
use of electrodes modified with supramolecular assemblies of ruthenium complexes and 
porphyrins in the determination of substances such as dopamine and ascorbic acid [80]. 
Metal hexacyanoferrates and their applications are reviewed more thoroughly in Section
(e) Langmuir-Blodgett Methods
This method involves the use of a molecule with a polar “head group” (e.g., a 
carboxylate) and a hydrophobic “tail” (e.g., an alkyl chain). When such amphiphilic 
molecules (surfactants) are dispersed onto the surface of water, the head groups are 
oriented downwards due to their solvation by the water, and the tail groups point 
upwards [62], This highly ordered monolayer is then transferred to a substrate surface. 
Both monolayer and multilayer films are achievable.
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Som e procedures for evaluating ch em ica lly  m od ified  electrodes include: 
e l e c t r o c h e m i c a l  m e a s u r e m e n t s  (cy c lic  voltam m etry, chronoam perom etry, 
chronopotentiom etry, im pedance spectroscopy etc.), w h ich  enable the charge storage 
and transport, se lectivity  and dynam ic properties o f  the m od ification  layer to be 
investigated [81,82]; e l e c t r o c h e m i c a l  q u a r t z  c r y s t a l  m i c r o b a l a n c e  m e a s u r e m e n t s , w h ich  
perm it the sim ultaneous m easurement o f  e lectrochem ical parameters and m ass changes 
at electrode surfaces [83,84]; e l e c t r o c h e m i c a l  m i c r o s c o p y  t e c h n i q u e s ,  w h ich  provide  
insights into the m icrod istribution  o f  e lectrochem ical and chem ical activ ity  as w ell as 
the topography o f  a surface [85]; and s u r f a c e  s p e c t r o s c o p y  t e c h n i q u e s ,  (e.g., reflectance 
spectroscopy, R am an spectroscopy, e llipsom etry), w h ich  offer dynam ic and spatial 
resolution in form ation  on film s interfaces and film  form ation [86, 87],
1.5 Conclusions
Th e  purpose o f  this first chapter was to b rie fly  describe som e basic electrochem ical / 
electroanalytical p rin cip les, outline the techniques em ployed in  this w ork, describe 
carbon-based electrodes, and introduce the m ain  approaches to electrode m odification . 
Th e  basic requirem ents o f  an electroanalytical experim ent, such as electrodes and 
electrolyte so lution w ere described, w h ile  an overv iew  o f  the processes occurring in  
such an experim ent w as also provided. T h e  m ain  techniques used in  this w ork, such as 
linear sweep voltam m etry, c y c lic  voltam m etry, square w ave voltam m etry etc. were 
described and their respective w aveform s and responses illustrated. A n  introduction  
was also g iven  to carbon-based electrodes, in  particular g lassy carbon, carbon paste, and 
screen-printed electrodes, w ith  an additional introduction to m icroelectrodes. F in a lly , 
the possib ilities for m od ifica tion  o f  electrodes w ere b rie fly  described.
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2. CATHODIC ELECTROCHEMICAL DETECTION OF 
NITROPHENOLS AT THE BISMUTH FILM ELECTRODE
2.1 Introduction
The contaminants that enter water through human activities, such as detergents, 
plasticizers, pesticides, insecticides, herbicides, products of chlorination and industrial 
wastes are of great interest in water analysis programmes. Hundreds of such 
compounds have been identified and more than one hundred have been designated 
Priority Pollutants by the US Environmental Protection Agency. Of these, phenol and 
its nitro-, chloro- and methyl-substituted derivatives constitute a significant 
proportion, with approximately 20 being included. In addition, the EU has stated that 
the Maximum Admissible Concentration (MAC) of these compounds in potable water 
is 0.1 jxg/L (individual) or 0.5 |ig/L (collective).
Traditionally, these compounds have been determined by the oxidative 
coupling of phenols with 4-aminoantipyrine in alkaline solution, while other methods, 
such as gas and liquid chromatography, capillary electrophoresis, ELISA and optical 
methods have also been proposed. Nitrophenols also lend themselves well to 
electrochemical detection and this mode, along with the aforementioned techniques, 
will be reviewed in the chapter.
In this chapter, a new electrode surface design, the bismuth film electrode 
(BiFE), is presented as a promising alternative to mercury and other solid electrodes 
for the direct cathodic electrochemical detection of nitrophenols (2-nitrophenol; 2-NP, 
4-nitrophenol; 4-NP and 2,4-dinitrophenol; 2,4-DNP). The preparation of the bismuth 
film, involving an e x  s i tu  electroplating of metallic bismuth onto a glassy carbon 
substrate electrode, was optimised. The useful negative potential windows of the 
BiFE at several pHs were determined. Cyclic voltammetry was employed to elucidate 
the nature of the electrochemical reduction process. The BiFE showed favourable 
voltammetric behaviour when compared to mercury and bare glassy carbon 
electrodes, and was successfully applied in voltammetric, amperometric and flow 
injection determination of nitrophenols.
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2.2 Nitrophenols and Significance for M easurement
Nitrophenolic compounds, consisting of one or more nitro-groups bonded to a 
phenolic ring are of considerable interest due to their environmental and toxicological 
impact. The nitrophenols focused on in this work are 2-nitrophenol, 4-nitrophenol 
and 2,4-dinitrophenol and are illustrated in Figure 2.1.
Figure 2.1: Structures of (a) 2-nitrophenol, (b) 4-nitrophenol and (c) 2,4- 
dinitrophenol.
2.2.1 2 -N itro p h e n o l
2 -nitrophenol, also known as o-nitrophenol or 2 -hydroxynitrobenzene, occurs as light 
yellow needles or prisms, with a peculiar, aromatic odour [1], It is used as a pH 
indicator and as an intermediate in the production of pigments, rubber chemicals, 
lumber preservatives, photographic chemicals and fungicide agents [2], It is a water- 
soluble solid that is moderately acidic in water as a result of dissociation. Releases 
into the environment are primarily emissions into air, water, and soil from diffuse 
sources, such as vehicle traffic and hydrolytic and photolytic degradation of the 
respective pesticides [3], The major transformation pathway for 2-NP emitted to the 
troposphere should be rapid nitration to 2,4-dinitrophenol, while it is enriched in the 
liquid phase of clouds. Although there is no evidence for the carcinogenicity of 2- 
nitrophenol, it is irritating to the skin and eyes, mucous membranes and the 
respiratory tract [1]. It may also cause central nervous system depression and 
dyspnoea, headache, and nausea. It also leads to the formation of methaemoglobin, 
which in sufficient concentration causes cyanosis (blue colour in the lips, ears, and 
fingernails).
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2.2.2 4 -N itro p h e n o l
4-nitrophenol is an odourless compound consisting of colourless to slightly yellow 
crystals, and is used in a variety of applications, including drug manufacture, 
fungicides, dyes and leather darkening [4], It is a metabolite of parathion and a 
photooxidation product of aromatic hydrocarbons including benzene, toluene, 
phenanthrene, and nitrobenzene [1], Figure 2.2 (A and B) illustrates the mechanism 
for the breakdown of the pesticides parathion and paraxon, to 4-NP.
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Figure 2.2: Breakdown of (A) parathion and (B) paraoxon to 4-nitrophenol (adapted 
from [5]).
Its release into the environment is by the same routes as that of 2-nitrophenol, 4-NP 
is found in the gas phase of clouds due to extensive binding to particles, with most of 
it removed from the air by wet and dry deposition [3]. Acute (short-term) inhalation 
or ingestion of 4-nitrophenol in humans or animals causes headaches, drowsiness, 
nausea and cyanosis. Contact with eyes causes irritation, while corneal opacity may 
occur upon inhalation. Tests involving acute exposure of animals, such as the LD5 0  
test in rats ( L D 5o 250 mg/kg), have shown 4-nitrophenol to have high toxicity from 
oral and dermal exposure. Like 2-nitrophenol, 4-nitrophenol has not been classed as a 
carcinogen.
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2.2.3 2 ,4 -D in itro p h e n o l
2 ,4-D in itrophenol is a ye llow , odourless so lid  used in  m aking  dyes, w ood  
preservatives, explosives, insect control substances and other chem icals, and as a 
photographic developer [6], 2 ,4 -D N P  enters the air, soil and water during its
m anufacture and use, and can also be form ed from  the reaction o f  other chem icals in  
the air. It can be broken dow n s low ly  in  water and so il b y  sm all organism s or by  
reacting w ith  other chem icals. It sticks to particles in  water, w h ich  w ill cause it to 
eventually  settle to the bottom  sediment. It also adheres to som e types o f  soil 
particles, w h ich  m ay prevent it from  m ov in g  very deep into the so il w ith rainwater
[6], It is considered to be h ig h ly  tox ic  to hum ans, w ith a lethal oral dose o f  14 to 43 
mg/kg [4], T h e  acute (short-term) effects o f  2 ,4-dinitrophenol in  hum ans through oral 
exposure consist o f  nausea, vom iting , sweating, d izziness, headaches, and loss o f  
weight. Lon g-term  oral exposure to 2 ,4 -D N P  in  humans has resulted in  the form ation  
o f  cataracts and skin lesions and has caused effects on bone m arrow , and the central 
nervous and cardiovascu lar systems. A s  w ith  the m ononitrophenols, there is no 
evidence for the carcinogenicity  o f  2 ,4-dinitrophenol.
2.3 D etection o fN itrophen ols
T h e  to x ic ity  o f  nitrophenols and their w idespread use have necessitated the 
developm ent o f  m ethods for their determination. Th e  U S  En vironm enta l Protection  
A g e n c y  ( E P A )  has included nitrophenols in their L is t  o f  P rio rity  Pollutants [7,8], 
w h ile  the European U n io n  has stipulated that the m axim um  adm issib le concentration  
( M A C )  o f  total phenols in  water intended for hum an consum ption, exclud ing  those 
phenols w h ich  do not react w ith  ch lorine as 0.5 (ig/L. T h e  M A C  for in d iv idu al 
phenols is 0.1 j^g/L [9]. Thu s, several methods have been developed for the 
determ ination and quantification o f  p hen olic  substances, o f  w h ich  the m ost com m only  
em ployed, and their analytical perform ance, w ill be b rie fly  described in  the fo llow ing  
sections.
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2.3.1 4-Aminoantipyrine Method
The official standard methods in many countries are based on the oxidative coupling 
of phenols with 4-aminoantipyrine (4-AAP) in alkaline solution [10]. The phenols 
react with 4-AAP in the presence of potassium ferricyanide to form a coloured 
antipyrine dye (from yellow to red) [11], The method, however, is non-specific, and 
coloured compounds are also formed with para-substituted phenols in which the 
substituent is a carboxyl, halogen, hydroxyl, methoxyl, or sulphonic acid group. For 
this reason, the determination with 4-aminoantipyrine is called the “phenol index”. 
Some interferences can be eliminated by distillation and extraction with chloroform. 
The limit of detection tends to lie above 10 jag/L, therefore making the method 
unsuitable for samples where lower levels need to be determined [1 1 ].
2.3.2 Gas Chromatographic and Capillary Electrophoretic Methods
Gas chromatography (GC) permits speciation of the various substituted phenols after 
liquid-liquid extraction. The US EPA Method 604 for phenols (including 2- and 4- 
nitrophenol) involves the serial extraction of an acidified sample with methylene 
dichloride [12]. The extract is dried and concentrated, and exchanged to 2-propanol, 
after which the phenols are analysed by GC using a flame-ionisation detector. 
Alternatively, US EPA Method 625 for semivolatile compounds can also be used 
[13]. This method involves the serial extraction of a sample in methylene dichloride 
at a pH greater than 11 and again at pH less than 2. After drying the methylene 
dichloride extract, the sample is analysed by gas chromatography-mass spectrometry 
(GC-MS).
Kim and Kim have reported on the simultaneous determination of phenols 
using GC and GC-MS [14]. This method involved an extractive two-phase 
isobutoxycarbonyl derivatisation prior to analysis, where the phenolic hydroxy groups 
in acidic solution were allowed to react with isobutyl chloroformate present in the 
dichloromethane phase containing triethylamine. GC-MS with negative-ion chemical 
ionisation for the trace level determination of 1 1  phenols as pentafluorobenzyl 
derivatives was described by Nakamura e t  a l . [15]. The derivatisation procedure 
involved a 5 hour reaction time at 80°C. The major limitation of these GC techniques 
is the extraction procedure, where losses can occur during extraction, concentration
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and solvent exchange steps. The extraction can also be very labour intensive and 
often requires specialised glassware as well as the use of chlorinated solvents.
26 phenols included in the US EPA priority phenols were determined using 
non-aqueous capillary electrophoresis (CE) with UV detection [16]. The limits of 
detection achieved were, however, quite high; 109 |ig/L for 2-nitrophenol, 168 (ig/L 
for 4-nitrophenol and 28 |J.g/L for 2,4-dinitrophenol. Limits of detection of 5 -  10 
jj,g/L were obtained using CE combined with off-column solid phase extraction and 
on-column field amplified injection [17]. These methods are advantageous as they 
allow the separation and detection of complex samples. However, the limits of 
detection obtained are higher than the required legislative levels.
2.3.3 L iq u id  C h ro m a to g ra p h ic  M e th o d s
Liquid chromatography (LC) finds widespread use in the separation of phenolic 
compounds. The primary advantages of using LC are that there is no requirement for 
precolumn derivatisation (as with GC) and the need for sample pretreatment is 
minimal. The main detection methods used with LC are UV, diode array or 
electrochemical detection, the latter of which will be discussed in more detail here. 
Nitrophenolic compounds exhibit a better response with a UV detector as compared to 
an electrochemical one (operated at oxidative potentials) [18], Hence, these two 
detection methods are often used simultaneously for the detection of a range of 
phenolic substances. A range of phenols including 2-nitrophenol, 4-nitrophenol and
2,4-dinitrophenol were determined using LC with UV detection [19]. Limits of 
detection down to 0.2 |j,g/L were reached, which are suitable for analysis of surface 
water but not low enough to reach the levels required for tap water.
The aforementioned nitrophenols were determined at levels of < 0.04 )a.g/L 
following liquid-solid extraction and LC with UV detection at 280nm [20], 
Determination of nitrophenols at levels below those required by EU regulations was 
carried out using LC with UV detection [21], A comparative study of UV and 
electrochemical detection for the determination of priority phenols was performed 
[22], Limits of detection down to 1 ng/L were obtained for all chlorinated phenolics 
with electrochemical detection. However, for the nitrophenols, the lowest limits of 
detection (< 0.1 (a.g/L) were obtained with the UV detector. Diode-array detection 
was employed in the detection of phenolic compounds following solid phase
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extraction and liqu id  chrom atography [23], Th e  nitrophenols were detected at levels 
between 2 and 30 |j.g/L w ith recoveries greater than 90%. These  m ethods provide  
advantages over the G C  and C E  m ethods in  that low er lim its o f  detection are 
achieved, and, in  contrast to G C ,  no com plicated  derivatisation procedures are 
required.
A n  overview  o f  liq u id  chrom atography w ith electrochem ical detection is given  
here. T h e  specifics o f  the electrochem istry o f  nitrophenols w ill be presented in  the 
next section. L iq u id  chrom atography in  conjunction w ith electrochem ical detection 
has also found w idespread application in  the determ ination o f  phen olic  com pounds. 
T h is  m ethod was used to determine 4-nitrophenol in la n d fill leachate (pre­
concentrated and distilled) at a level o f  7.0 (ig/L [24], The  phenols were oxid ised  at a 
potential o f  +1.25 V  (vs. A g / A g C l)  at a g lassy carbon electrode. A  s im ilar electrode 
set-up, using a potential o f  +1.15 V  was used by Paterson et al. to determ ine the 
eleven p rio rity  pollutant phenols [25], L im its  o f  detection between 0.1 and 7.8 |ig/L 
were ach ieved  for 2-nitrophenol, 4-nitrophenol and 2,4-dinitrophenol.
27 phenols and herbicides in  water were determ ined b y  L C  using an 
electrochem ical detection system  consisting o f  four cou lom etric array ce ll m odules, 
each contain ing four e lectrochem ical detector cells [26], T h e  detectors, porous 
graphite w ork in g  sensors w ith pa llad ium  reference and counter electrodes, were 
arranged in  series after the analytical co lu m n  and operated in  an increasing ly  positive  
potential a long the array i.e. 0.00 V  at electrode 1, 0.08 V  at electrode 2, w ith  
increm ents o f  0.08 V  at each subsequent electrode until a value o f  +1.20 V  was 
reached at electrode 16. Th e  cou lom etric e ffic ien cy  o f  each elem ent in  the array 
allow s a com plete voltam m etric resolution o f  the analytes -  even peaks that were 
unresolved by the chrom atographic co lu m n were resolved by the detector. The  three 
nitrophenols w ith w h ich  this w ork  is concerned were detected at levels o f  between 
0.08 and 0.22 ng/L, levels w ell b e low  those required b y  legislation.
S im ila rly , lo w  lim its o f  detection (dow n to 2 ng/L for nitrophenols) were 
obtained using an e lectrochem ical detector consisting o f  two glassy carbon electrodes 
operated in  a “ screen-out m ode” or a “ redox-m ode” [27], In the screen-out m ode, the 
first electrode was set at lo w  potentials to elim inate interferences and on ly  the second  
one was used for analytical purposes. In the redox-m ode, the first electrode was 
operated at h igh  positive  potentials to ensure oxidation o f  all the com pounds o f
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interest. A fterw ards the oxidation product was reduced in  a second step. T h e  redox­
m ode was, how ever, unsuitable for n itrophenols due to their lack  o f  reversib ility  at 
these positive  potentials.
T w o  electrodes were also used for the detection o f  total phenols in water and 
wastewater sam ples [28], Interferences were oxidative ly  elim inated at a large surface 
area (coulom etric) electrode and the phenols detected at an am perom etric electrode 
operated at +0.78 V . A l l  o f  the aforem entioned electrochem ical techniques in vo lve  
the use o f  oxidative potentials; how ever, it is also possib le to detect nitrophenols in  
the reductive m ode. T h is  m ethod was em ployed  for the detection o f  4-nitrophenol 
using a dropping  m ercury electrode fo llo w in g  separation b y  H P L C  [29]. U s in g  this 
detector, a lim it o f  detection o f  4.4 ng was determ ined for 4-nitrophenol. L im its  o f  
detection for nitrophenols (includ ing  2-nitrophenol, 4-nitrophenol, and 2,4- 
dinitrophenol) dow n to 1 ng were obtained using L C  w ith a dropping  m ercury  
electrode b y  sw eeping the potential from  -0 .1 8  V  to -0 .6 6  V  vs. A g / A g C l in  steps o f  
-1 0  m V  [30], A s  can be seen from  the literature, L C  w ith  e lectrochem ical detection  
offers an attractive m ethod for the determ ination o f  phenolic com pounds at low  
levels.
G lassy  carbon electrodes have found some use in  the reduction o f  
nitrophenols. O ne m ethod em ploys a g lassy carbon w orking  electrode array in the 
w all-jet configuration, in  w h ich  eight 1 m m  electrodes are spaced rad ia lly  around a 3 
m m  central electrode [31]. D ifferen t potentials were applied to the electrodes in  order 
to se lective ly  detect a sp ecific  phenol. In this m ode, 2-nitrophenol and 4-nitrophenol 
were detected at potentials o f  -0 .5 5  V  and -0 .8 5  V ,  respectively. T h is  rather 
com plicated  set-up has the advantage o f  a llow ing  nitrophenols to be determined  
cath od ica lly  rather than anod ica lly , w h ich  although m ore com m on ly  used, is less 
sensitive.
A  g lassy carbon electrode in  the reductive m ode was used for the 
electrochem ical detection o f  4-nitrophenol, 3-m ethyl-4-nitrophenol, 4,6-dinitro-o- 
cresol, parathion-m ethyl, fenitrothion and parathion-ethyl fo llo w in g  their separation 
b y  liq u id  chrom atography [32]. A t  the applied potentials (-0 .80  to -1 .6 0  V ) , 
how ever, the background current grew  m ore than the peaks. In order to avo id  this, the 
nitro group w as detected in d irectly  i.e. b y  the oxidative detection o f  the 
cou lom etrica lly  reduced organonitro com pounds. U s in g  this m ode, lim its o f  detection
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< 0 .2 0  (_ig/L were obtained for each o f  the nitro com pounds. A  m ajor lim itation  
associated w ith  the use o f  glassy carbon electrodes is the d ifficu lty  in  achieving  
sim ple surface renew al; in  m ost cases, either a tedious m echan ical in itia lisation  
(polishing) or a rigorous chem ical and / or electrochem ical surface regeneration is 
frequently required [33], T h is  applies especia lly  w hen h igh  oxidative potentials are 
used, as the oxidation o f  m atrix com ponents leads to sign ificant fo u lin g  o f  the 
electrode surface.
2.3.4 Som e O t h e r  M e th o d s
O ther techniques used for the determ ination o f  nitrophenols in clu de E L I S A  and 
optical sensors. 4-N itrophenol and 2,4-din itrophenol were determ ined at levels o f
0.61 (j,g/L and 0.26 (ig/L respectively, using  p o lyc lon al antibody-based E L I S A s  
[34,35], A n  optode based on the fluorescence quenching o f  poly(2,5-d im ethoxy- 
phenyld iacetylene) was developed fo r 2 -N P  w ith  a linear range from  1.8 x  10"6 to
1.8 x  10'3 m ol/L (0.25 to 250 m g/L) [36]. A noth er optical sensor, based on the 
fluorescence quenching o f  curcum in, w ith  a detection lim it o f  8.0 x  10-5 m ol/L (11.12 
m g/L) was developed for 2-nitrophenol [37].
N is to r et al. reported on the use o f  a com petitive flo w  im m unoassay with  
fluorescence detection fo r the determ ination o f  4-nitrophenol w ith  a lim it o f  detection  
o f  0.5 (j,g/L [38], T h is  m ethod show ed little cross-reactivity for about 30 phenols and 
nitro-derivatives, w ith  no m ajor interferences except for 2 ,4-dinitrophenol and 
m ercury(II) ions. Phenols, in clu d ing  2-nitrophenol, were determ ined using  a flow  
in jection chem ilum inescent quench m ethod, using the ability  o f  the phenols to quench  
the chem ilum inescence  o f  />-chlorobenzenediazonium  fluoroborate in  a m edium  o f  
alkaline hydrogen peroxide [39]. T h e  lim it o f  detection for 2-nitrophenol was 20 
[ig/L.
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2.4 Electrochemistry ofN itrophenols
2.4.1 Electrochemical Behaviour of Nitrophenols
2.4.1.1 Oxidation Reactions
The anodic oxidation  m echanism s o f  phenol itse lf and substituted phenols are quite 
com plex  [40]. H yd ro x y la tio n  reactions p lay  a decisive  role, but they are interw oven  
w ith another m ajor reaction -  oxidative cou pling  o f  phen oxy radicals producing  
dim eric and p o lym eric  products. T h e  relative im portance o f  the two processes 
depends on applied potential, concentration and acid ity etc. It has been show n that 
either one or two electrons are transferred in  the electro-oxidation pathw ay o f  
phenols, depending on the m agnitude o f  the anodic potential [41]. Stepping the 
potential to just the foot o f  the phenol oxidation  peak favours oxidation  o f  phenol to 
the phen oxy rad ical, w h ich  very  rap id ly  dim erizes to the corresponding 4 ,4 ’ -biphenol, 
w h ich  is further oxid ised  to d iphenoquinone (Figure 2.3 A ). C on verse ly , stepping to 
m ore anodic potentials y ie lds the phenoxonium  cation, w h ich  undergoes rapid  
h ydroxylation  to hydroquinone, w h ich  in  turn is further oxid ised  to p-benzoquinone  
(Figure 2.3 B )  [41].
Figure 2.3: Oxidation pathways o f phenol (adapted from [41]).
55
Electro-oxidation of nitro-substituted phenols will occur in a similar manner, with a 
hydroquinone intermediate and a benzoquinone end product. This can be seen in the 
following oxidation of 4-nitrophenol (Figure 2.4):
N  
#  % 
O O
o
N
o
-o o'
Figure 2.4: Oxidation pathway of 4-nitrophenol.
2.4.1.2 Reduction Reactions
The reduction of nitrophenols has been well documented in a number of excellent 
texts and reviews [42-46]. The reduction of the nitro group, although influenced by 
the nature of its environment, follows a generalised pattern [44], In acidic solution, 
reduction to the hydroxylamine only, to the hydroxylamine and then to the amine in 
two steps, or directly to the amine in one step can occur. In instances where two 
waves occur, the largest wave occurs at a small negative potential and has been shown 
to involve four electrons. This wave is generally well-defined and constant in height 
over a wide pH range. In solutions of less than pH 4, a smaller two electron reduction 
wave occurs at more negative potentials and disappears in neutral and alkaline 
solutions. The largest wave occurs at the least negative potential and is due to the 
irreversible electrochemical reduction of the nitro group to a hydroxylamine. The 
following reaction is involved in this reduction process:
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R-NO2 + 4 l t  + 4e -> R-NHOH + II20 (2.1)
A lth o u g h  this reduction process is n o rm a lly  observed as a single four-electron  
reduction step, it is rea lly  a com bination o f  tw o separate reduction steps w ith a short 
lived  intermediate. Th e  reduction o f  the nitro group to a nitroso group constitutes the 
first stage. N itroso  com pounds are generally reduced at m ore positive  potentials than 
nitro groups, thus the nitroso com pound is not isolated but reduced im m ediately to the 
hydroxy l am ine in a fast tw o-electron process. The  m ain  w ave is therefore a 
com bination  o f  the fo llo w in g  reactions [44]:
R-NO2 + 2H  + 2e -------- » R-NO + H20  (Slow) (2.2)
R-NO + 2FT + 2e --------> R-NHOH (Fast) (2.3)
In general, these two w aves are com bined to g ive a single four-electron polarographic  
reduction w ave. T h e  polarographic behaviour o f  this nitro group is not constant for 
all nitro com pounds, but is dependant on a num ber o f  parameters in c lu d in g  m olecular 
structure, com position  and p H  o f  supporting electrolyte and, in  the case o f  a dropping  
m ercu ry electrode, the drop time.
T h e  m ain  reduction w ave o f  the nitro group is useful in  the polarographic  
analysis o f  nitro com pounds for the num ber o f  reasons:
1. T h e  determ ination o f  nitro com pounds enjoys a certain selectivity  in  
polarograph ic analysis as on ly  a lim ited  num ber o f  other polarographic reactions 
occur at the sm all negative potential o f  these substances.
2. T h e  polarograph ic determ ination o f  nitro com pounds tends to be quite sensitive 
due to the re latively large w ave / peak height o f  the four-electron reduction  
process.
3. T h e  w ave / peak height is unaffected b y  m in or changes in  pH .
T h e  sm aller secondary w ave, w h ich  occurs at m ore negative potentials during the 
reduction o f  nitro com pounds, in vo lves a tw o-electron reduction step [44], In general, 
this corresponds to the reducib le  protonated hydroxylam ine. Th e  unionised
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h ydroxylam in e  tends to be po larograph ica lly  inactive, w h ile  the cation is reduced to 
the corresponding am ine in  a tw o-electron step:
R-N+H 2OH + 2 l t  + 2e -> R P tH 3 + H20  (2.4)
In the analysis o f  drugs, for exam ple, the m ost useful polarographic w ave is the four- 
electron reduction w ave, w h ich  generally occurs in  the range E 1/2 -O .I  V  —> -0 .4  V  
(vs. s.c.e.) w here m any other com pounds are polarograph ica lly  inactive  [44], The  
exact reduction potential is dependant on the p H  o f  the supporting electrolyte, w h ich  
for analytical purposes, is usually a buffer so lution in  the p H  range o f  3.5 to 5.5.
F o r  the m ononitrophenols in  particular, a ll three exhib it tw o steps at low  p H  
values [43], T h e  total height o f  the tw o steps occurring  be low  p H  4.0 w as found to 
correspond to a six-electron reduction (see F igure  2.5). S im ila rly , the reduction o f  the 
2- and 4-nitrophenols in  a lkaline solution in vo lves six electrons, a lthough o n ly  the 
para- com pou nd  form s a double step, the height o f  the second step increasing  
progressive ly  w ith  increasing pH . T h e  reduction o f  3-nitrophenol in  a lkaline solution  
produces a single step in vo lv in g  four electrons, but above p H  12 the single step is 
replaced b y  a double step.
OH
-<— ►
OH O OH
NH
NO NOH
Figure 2.5: Reduction pathways o f 4-nitrophenol.
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2.4.2 E le c tro c h e m ic a l D etection  o f  N itro p h e n o ls
A s  m entioned in the previous section, electrochem ical studies o f  n itrophenols were, in  
general, carried out at m ercury electrodes. M e rcu ry  is a very  attractive choice o f  
electrode m aterial because it has a high hydrogen overvoltage that greatly extends the 
cathodic potential w in dow  (com pared to so lid  electrode materials) and possesses a 
h igh ly  reproducib le , read ily  renew able, and sm ooth surface [33], There are several 
types o f  m ercury electrodes. O f  these, the dropping  m ercury electrode ( D M E ) , the 
m ercury film  electrode ( M F E )  and the hanging m ercury drop electrode ( H M D E )  are 
the m ost com m on ly  used [33,47-50], D isadvantages o f  the use o f  m ercu ry are its 
lim ited anodic range (due to the oxidation o f  m ercury), its instability, and its w ell- 
docum ented to x ic ity  [51-53],
N i  et al. described the sim ultaneous determ ination o f  nitrobenzene and nitro- 
substituted phenols by differential pulse voltam m etry using a hanging m ercury drop  
electrode [54], T h e  m ononitrophenols, 2-, 3- and 4-nitrophenol, had w ell-defined  
voltam m etric reduction w aves, w ith peak potentials at -0 .2 8 4  V ,  -0 .2 9 2  V  and -  
0.376 V ,  respectively . 2 ,4-D in itrophenol exhibited two peaks at -0 .2 4 0  V  and -0 .3 6 4  
V  (all vs. A g / A g C l) . C hem om etric m ethods o f  data analysis were applied to resolve  
the overlapped voltam m ogram s obtained w hen a m ixture o f  these com pounds was 
analysed. L im its  o f  detection between 0.8 (ig/L and 2.7 |_ig/L were obtained. T h is  
m ethod is advantageous in  that resolution o f  overlapped voltam m ogram s w ith in  ±10% 
o f  the target value was achieved.
A  hanging m ercury drop electrode w as used in  the determ ination o f  2- 
nitrophenol, 4-nitrophenol, 2-m ethoxy-5-nitrophenol and 2,4-dinitrophenol by  
differential pulse voltam m etry (D P V )  and adsorptive stripping voltam m etry (A d S V )  
[55]. D P V  was used in  order to study the dependence o f  the behaviour o f  the 
nitrophenols on B ritton  R o b in son  (B R ) buffer p H . B R  buffer p H  5 was chosen as the 
optim um . A d S V  provided  a decrease in  the lim it o f  determ ination, a llow ing  the 
nitrophenols to be determ ined at levels < 3 .9  }ig/L. Th e  voltam m etric behaviour o f
2,4-dinitrophenol w as studied at a H M D E  in v ie w  o f  its use as a un iversal label in 
im m u noelectrochem ica l assays [56]. Th e  electrochem ical behaviour o f  2 ,4 -D N P , 
a lbu m in  and 2 ,4 -D N P -a lb u m in  was com pared. The  lim it o f  detection (after an 
accum ulation tim e o f  120 s) for 2 ,4 -D N P  was determ ined to be 0.09 (J,g/L, w h ich  is 
actually be low  the desired legislative level.
59
Carbon paste electrodes (CPE) have found some use in the detection of 
nitrophenols. These electrodes, which use graphite powder mixed with various water- 
immiscible organic binders offer advantages such as an easily renewable and 
modifiable surface, low cost, and very low background current contributions [33] (see 
Section 1.3.2). Bentonite, an impure montmorilIonite (clay) capable of adsorbing 
electroactive species for their direct determination, has found some use in the 
modification of carbon paste electrodes for determination of nitrophenolic substances. 
Such an electrode was employed in the determination of 2-nitrophenol [57]. 5% 
bentonite was added to the carbon paste, which was packed into an electrode and the 
surface smoothed. After each measurement it was necessary to remove the paste and 
clean and dry the cavity of the electrode. The limit of detection achieved was a rather 
high 30 jag/L.
This electrode was also applied for the determination of 2-nitrophenol in a 
flow system by differential pulse voltammetry [58], 2-Nitrophenol exhibited a single, 
well-defined peak at approximately -0.575 V (vs. Ag/AgCl) in a formic acid / sodium 
formate buffer solution of pH 4. The results obtained here were favourable -  it was 
not necessary to remove the paste from the electrode after each new injection as the 
surface of the electrode was continuously washed with the carrier liquid and exposed 
to relatively short analyte zones, in contrast to batch experiments. However, as with 
the previous study, quite a high detection limit of 20 j.ig/L was obtained. This 
electrode was again applied to the analysis of phenolic compounds, this time in the 
analysis of some chloro-, methyl- and nitrophenols by differential pulse voltammetry 
[59], An advantage of this bentonite-modified carbon paste electrode is its ability to 
be used in both anodic and cathodic modes. The former was applied in the analysis of 
pentachlorophenol, 4-chloro-3-methylphenol and 2,4-dimethylphenol, while 2,4- 
dinitrophenol and 2-methyl-4,6-dinitrophenol were determined cathodically. No 
significant decrease in peak intensity was observed for the nitrophenols upon repeated 
injections. However, the peak height for the chlorophenols decreased after each new 
injection. No information regarding limits of detection was given.
A zeolite-modified carbon paste electrode was employed in the differential 
pulse voltammetric determination of 4-nitrophenol [60], The zeolites are mixed 
aluminosilicates containing (Si,Al)„C>2 n frameworks with cations added to maintain 
charge balance. These minerals contain cavities that are large enough for other
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m olecules to enter and are able to absorb electroactive species for their direct 
determ ination. W h en  the 5% zeo lite-m odified  C P E  was used an increase in  peak  
height (7-8 tim es) over that obtained at an un m od ified  electrode was observed. 
Despite this increase, the lim it o f  detection achieved, 40 j_ig/L, w as quite high. T h is  
electrode was applied to the determ ination o f  4-nitrophenol in  a seawater sample, 
w hereby the sam ple was spiked w ith 0.1 m g/L 4-nitrophenol and a recovery o f  98% 
obtained.
A  C i8  m od ified  carbon paste electrode was used for the voltam m teric  
determ ination o f  m ethyl parathion (M P T )  and ortho-, meta-, and para-nitrophenol 
(O N P , M N P  and P N P ) [61]. Th e  use o f  chrom atographic co lu m n f illin g  m aterials 
(gas and liq u id  colum ns) produces an effective  preconcentration o f  organic substances 
in  a w ide  range o f  m atrices, thus facilitating  m ethods for selective and sensitive 
determ ination b y  oxidation and reduction o f  different m olecules w ith electroactive  
functional groups. H ere, the carbon paste w as m od ified  w ith 50% C i8  and the 
in fluence o f  p H  and accum ulation time on ip investigated. B R  buffer was em ployed  
as supporting electrolyte and the optim um  p H  values were determ ined to be p H  4 for 
O N P , p H  6 for M N P  and P N P , and p H  2-4 for M P T .  F o r all four com pounds, ip was 
found to increase w ith increasing accum ulation tim e, up to a set tim e, after w hich  
there w as no noticeable difference, due to saturation o f  the electrode. L im its  o f  
detection < 7 .9  /J-g/L were determined and it was possib le to decipher the reduction  
w aves w hen a m ixture o f  M N P , P N P  and M P T  was analysed, but w hen all four 
com pounds were present, the O N P  overshadow ed the M P T  and M N P  peaks. T h is  
m ethod is therefore advantageous in  that a m ixture o f  nitro com pounds can be 
m easured, although the lim its  o f  detection achieved are rather high.
2.5 B ism uth F ilm  Electrode (BiFE)
2.5.1 In tro d u c t io n
S ince its inception as an electrode m aterial in 1903 [62] and its application by 
H e y ro v sk y  in the orig inal polarographic apparatus [63], m ercury has been one o f  the 
m ost w id e ly  used electrode surfaces in  the fie ld  o f  electroanalytical chem istry. Its 
advantages and disadvantages have already been m entioned in  the previous section,
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and due to its particular disadvantages, a constant search for new alternatives has been 
underway, particularly with respect to stripping analysis. Different bare carbon, gold 
or iridium electrodes have been used, although none of these approached mercury 
electrodes due to low cathodic potential limit, multiple peaks, or large background 
contributions [64-66]. Recently, bismuth coated electrodes were introduced in 
stripping analysis of various metal ions including Cd, Pb, Zn, Cu, T1 and In, which 
involves in  s i tu  deposition of the non-toxic bismuth [67] onto carbon substrate 
electrodes with subsequent stripping detection of the accumulated analyte [68-73], 
More information regarding the application of the bismuth film electrode in stripping 
analysis of heavy metals is provided in Chapter 3, The promising results achieved in 
stripping analysis prompted consideration of the use of BiFE as an electrode surface 
in cathodic electrochemical detection of some organic compounds (particularly 
nitrophenols), which will be described in the following sections.
2.5.2 Bismuth and Bismuth-Coated Electrodes - Analytical Performance
Bismuth, Bi, is a member of Group YA of the periodic table in the same sub-group as 
arsenic and antimony [74], Its electron configuration is [Xe] 4/ 1 4  5d m 6 s 2 6 p 3 [67]. 
The only natural isotope is 2 0 9 Bi. Bismuth is a heavy, lustrous, silver-white metal 
with a slightly pink cast. If solidification is slow, large brittle crystals form. The 
major source of bismuth is as a by-product from the treatment of lead and copper ores. 
Some bismuth is also found associated with molybdenum, gold, silver, tin, tungsten, 
and zinc ores [74]. Bismuth is the most diamagnetic of all the metals, with a mass 
susceptibility of -1.35 x 106 and only liquid mercury has a lower thermal 
conductivity. Bismuth is not very reactive; generally, it is less reactive than lead and 
more reactive than silver [67]. The principal uses of bismuth are in pharmaceutical 
manufacture, fusible alloys (low melting; bismuth can form a number of binary, 
ternary, quaternary and quinary alloys melting in the range of 47 - 262°C), and as 
metallurgical additives. They are involved in the manufacture of a diverse range of 
products from autoclaves to drugs for the treatment of gastric diseases.
Several studies have been conducted regarding the electrochemical and 
interfacial behaviour of bismuth, including the formation of Bi2 C>3 film under anodic 
conditions [75], and the adsorption of organic molecules on the bismuth single plane 
[76-78], With particular regard to electroanalytical applications, bismuth has shown 
great promise; bismuth coated carbon electrodes were successfully employed in
6 2
anodic stripping detection o f  several m etal ions, w ith w ell-defined  peaks, low  
background contributions, im proved selectiv ity  com pared to m ercu ry electrodes due 
to changes in  peak potentials, detection lim its in  the low  (ig/L range, and im portantly, 
the use o f  non-toxic b ism uth [68-73], T h e  bism uth film  electrode has also been  
em ployed in  the cathodic electrochem ical detection o f  som e organic com pounds, 
show ing prom isin g  results com pared to g lassy carbon and m ercury electrodes [79], 
B ism u th  m od ified  carbon paste electrodes have also been used in  voltam m etric  
stripping analysis o f  som e heavy m etals [80] and a b u lk  b ism uth electrode has been 
introduced recently for possib le use in  electrochem ical studies and electroanalytical 
applications [81].
2 .6  C athodic E lectrochem ical D etection o f  N itroyhenols a t the 
B ism uth Film  E lectrode
2.6.1 E x p e r im e n ta l
2.6.1.1 Apparatus
C y c lic , linear sweep, d ifferential, square w ave ( C V , L S Y ,  D P V ,  S W V )  and 
am perom etric m easurements were perform ed using a m odular electrochem ical system  
(Auto lab, E c o  C hem ie, T h e  Netherlands), equipped w ith a potentiostat P G S T A T 1 0  
and driven b y  G P E S  4.8 software (E co  Chem ie). F o r bu lk  voltam m etric experim ents, 
a bare or (m ercury or b ism uth coated) g lassy-carbon d isk  (2 or 6 m m  in  diameter) 
served as the w ork in g  electrode, w ith  an A g/A g C l(satd . KC1) and a p latinum  co il 
acting as the reference and auxiliary  electrodes, respectively.
T h e  flo w  system  w as com posed o f  an L C  pum p (ConstaM etric-III, M ilto n  
R o y , Ph iladelph ia , P A , U S A ) ,  a 20 jiL  sam ple loop injector (Rheodyne), w h ich  was 
f ille d  m an u a lly  using  a syringe, and a M o d e l C C -5  th in-layer e lectrochem ical ce ll 
(B ioan alytica l System s, Inc., Indiana, U S A ) . A  b ism uth coated glassy-carbon  
electrode (3 m m  in  diameter) served as the w ork ing  electrode, w ith  an A g/A gC l(satd . 
KC1) w ork in g  electrode and an in -bu ilt counter electrode. F o r the flo w  injection- 
am perom etric detection (F I-A D )  m easurements, the flo w  rate was 0.5 m L/m in  and the 
operating potential was set at -1 .0  V  vs. A g/A gC l(satd . KC1).
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P rio r to electrochem ical measurements, the solutions were deoxygenated by  
purging  w ith  pure nitrogen unless otherwise stated. A l l  experim ents were perform ed  
at room  temperature (23 ± 2 °C). A l l  potentials in  this w ork  are referred to 
A g/A g C l(satd .) as reference.
2.6.1.2 Reagents and Solutions
A l l  chem icals used were o f  analytical grade purity and were used as received. 
A qu eou s solutions were prepared w ith  de-ionised water further purified  v ia  a M il l i- Q  
unit (M illip o re , B edford , M A ,  U S A ) . T h e  bism uth stock solution (1000 m g/L in  5 wt. 
% nitric acid), 4-nitrophenol and 2,4-dinitrophenol were obtained from  A ld r ic h  
(Dorset, U K ) ,  and diluted as required. B ro m o fe n o x im  (3,5-dibrom o-4-hydroxybenz- 
aldehyde-2,4-din itrophenyloxim e) and 2-nitrophenol were obtained from  R iedel-de- 
H aen  (Germ any). Stock solutions o f  50 m m ol/L  o f  the nitrophenols and 0.6 m m ol/L  
brom ofen ox im  were prepared by d isso lv ing  an appropriate am ount o f  the com pound  
in m ethanol. T h e y  were stored in  a refrigerator w hen not in  use and protected from  
daylight during use in the laboratory.
T h e  supporting electrolyte fo r bu lk  electrochem ical m easurements was 
B ritton -R ob in son  (B R ) buffer stock solution, w h ich  was m ade 0.04 m ol/L in acetic, 
boric and orthophosphoric acid  w ith  appropriate additions o f  0.2 m ol/L N a O H  to 
obtain the desired p H . T h e  electrolyte-carrier solution in  flo w  injection experim ents 
was B R  buffer, w h ich  was m ade 0.1 m ol/L  in acetic, boric and orthophosphoric acid  
w ith appropriate addition o f  1 m ol/L  N a O H  to p H  4.0, and m ethanol (20+80). 
W o rk in g  solutions for f lo w  analysis were d iluted w ith this carrier solution. A n  
acetate bu ffer so lution (0.05 m ol/L, p H  4.5) served as the electrolyte for plating o f  the 
bism uth onto the G C  electrode in both b u lk  m easurements and flo w  analysis.
2.6.1.3 Preparation of BiFE, MFE and GCE
Th e  g lassy carbon (G C )  surface was hand-polished using alum ina slurry o f  
con secu tive ly  decreasing particle size (0.3, 0.1 and 0.05 [j,m), w ith  w ashing and 
sonication for 2 m in  in  m ethanol between each step. T h is  po lish ing  procedure was 
carried out each tim e the bare G C  electrode was used for m easurements, whereas 
w hen G C  served as a substrate for B iF E ,  it was perform ed o n ly  occasion a lly  (after the 
glassy carbon electrode was not in  use and stored in air for a period  o f  m ore than two
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days). In b u lk  experim ents, the bism uth film  was deposited from  a separate acetate 
buffer so lution (ex situ deposition), in  the presence o f  d issolved  oxygen, contain ing 5 
m g/L Bi(III) b y  e lectrolysis at -1 .0  V  vs. A g / A g C l for 60s w h ile  stirring the solution. 
Th e  same plating solution and e lectrochem ical parameters were used for 
electrodeposition o f  the b ism uth film  onto the G C  electrode under flo w  conditions 
w ith an applied  flo w  rate o f  1.0 m L/m in  (instead o f  stirring). M e rc u ry  was plated ex 
situ fo llo w in g  a standard procedure in  a so lution containing 1 x  10'3 m ol/L Hg(NC>3)2, 
0.1 m ol/L  K N O 3 and 1 x 10"2 m ol/L H N O 3 a t -1 .1  V  for 5 m in  [82],
2 .7  R esu lts and D iscussion
2.7.1 Preparation, Optimisation and Background Behaviour of the BiFE
D u e to the particular requirem ents fo r ex situ B iF E  preparation from  a separate plating  
solution (in contrast to in situ film s used in  stripping analysis [68]), and enhanced  
robustness o f  the bism uth film  for f lo w  detection purposes, w h ich  necessitates 
deposition  o f  th icker film s in  the shortest possib le  times, the parameters for bism uth  
plating onto the G C  substrate electrode (plating tim e and bism uth concentration) were 
optim ised  using 2-nitrophenol as a test signal. F igure  2.6 shows the results o f  the 
optim isation experim ents. F ro m  Figure  2.6 A ,  it is evident that 30 and 60 s provide  
the optim um  signal for the reduction o f  2-nitrophenol. H ow ever, 60 s was chosen as 
this w ill p rovide  a th icker b ism uth film , w h ich  is necessary considering the 
app lication  o f  the B iF E  under hydrodyn am ic conditions. 5 and 10 m g/L o f  bism uth  
exhib it quite s im ilar results, so 5 m g/L was chosen in order to m in im ise  consum ption  
o f  reagents. H en ce, the optim um  parameters were determined to be -1 .0  V  deposition  
potential, 60 s deposition tim e and 5 m g/L Bi(III) concentration, app ly ing  0.05 m ol/L  
acetate buffer p H  4.5 as supporting electrolyte. Acetate buffer has prev iously  been 
show n to be suitable for in situ b ism uth film  form ation fo r voltam m etric stripping  
analysis o f  heavy m etals [68], and so it was also em ployed in  this w ork. F o r the 
rem oval o f  the bism uth film , a sim ple electrochem ical clean-up step was carried out 
b y  app ly ing  a fixed  potential o f  +0.3 V  for 15 s, after w h ich  a new  bism uth film  can 
be im m ediate ly  deposited.
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Figure 2.6: Optimisation of (A) deposition time and (B) bismuth concentration with 
respect to 2-nitrophenol as a test signal. Conditions: deposition potential —1.0 V; 
SWV settings; step potential 5 mV, amplitude 25 mV; electrode radius 3 mm.
A n  im portant parameter in  the investigation o f  a new  electrode surface is its 
useful potential w indow , i.e. the range o f  potentials over w h ich  it can be em ployed. 
In order to assess the usefu l potential w in dow  o f  the B iF E ,  its response on  em ploying  
L S V  in  several b lan k buffer solutions covering  the p H  range o f  approxim ately 1 to 10 
was exam ined in  F igure  2.7. System s used were 0.1 m ol/L H C1 (p H  1.1), 0.05 m ol/L  
acetate buffer (p H  4.0), 0.1 m ol/L  phosphate buffer (pH  7.3), and 0.1 m ol/L  
am m onia/am m onium  ch loride  (p H  9.7). Th e  positive (least negative) lim it o f  the 
B iF E  represents the re-ox idation  o f  the deposited m etallic b ism uth w h ich  occurs at 
potentials less negative than -0 .2  V ,  as can be seen from  curve (a) in  F ig u re  2.7. B y  
taking a strict criterion o f  raising the current response due to the background  
discharge (com m encem ent o f  hydrogen evolution) above -1  jjA  (-3.54 (.lA/cm ), the 
fo llo w in g  negative potential lim its o f  the ex situ prepared bism uth f ilm  electrode were 
determined: -0 .8 2  V  at p H  1.1, —1.17 V  at p H  4.0, -1 .3 0  V  at p H  7.3 and -1 .4 9  V  at 
p H  9.7. Th e  background current leve l o f  the B iF E  was also determ ined from  the 
recordings show n in  F ig u re  2.7. T h e  average background current leve l o f  the B iF E  
was calculated to be approxim ately 0.1 jjA. T h is  relatively lo w  background level
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observed in solutions of varying composition and the sufficiently wide negative 
potential window available make the BiFE suitable for the detection of nitrophenolic 
compounds, as their reduction potentials lie in this range.
Potential / V  vs. Ag/AgQ
Figure 2.7: Available potential windows o f the BiFE at different pHs: (a) 9.7 (0.1 
mol/L ammonia/ammonium chloride), (b) 7.3 (0.1 mol/L phosphate buffer), (c) 4.0 
(0.05 mol/L acetate buffer), and (d) 1.1 (0.1 mol/L HCl). LSV scan rate: 50 mV/s; 
electrode radius: 1 mm; initial potential: (a) -0.16 V, (b) -  (d) -0.20 V; + assigns a 
zero-current position.
As expected, the presence of dissolved oxygen affected the cyclic voltammetric 
current performance at the bismuth film electrode, causing two weak and broad 
cathodic peaks at approximately -0.4 and -0.9 V (in pH 4 Britton Robinson buffer), 
which diminished upon increasing the deaeration time. Therefore, appropriate 
deaeration of the measurement solution is required for total oxygen removal. In 
addition, a blanket of nitrogen was maintained over the measurement solutions during 
experimentation. This interference of dissolved oxygen in reduction of the 
nitrophenols at the bismuth film electrode was in stark contrast to the behaviour of the 
BiFE in stripping voltammetry, in which dissolved oxygen caused no interference (see
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Chapter 3). Further studies to investigate the kinetics o f  the reduction o f  d issolved  
oxygen at the bism uth film  electrode, w h ich  are beyond the scope o f  this w ork, are 
required.
2.7.2 C o m p a r is o n  o f  B iF E  w ith  G C E  a n d  M F E
A s  the bism uth film  electrode is considered as a possib le alternative to tox ic  m ercury  
electrodes and g lassy carbon electrodes, w h ich  need to be cleaned regularly, the 
behaviour o f  the B iF E  was com pared to both  o f  these electrodes. A  prelim inary  
experim ent in vo lved  the m easurem ent o f  b rom ofenox im  (3,5-dibrom o-4-hydroxy- 
benzaldehyde-2,4-din itrophenyloxim e), a fo lia r acting herbicide and m ajor pesticide  
o f  various crops, and w h ich  is regarded as particu larly  d ifficu lt to determ ine, at the 
bism uth f ilm  electrode. B ro m o fen o x im , according to its structure (Figure 2.8), 
possesses tw o read ily  reducible nitro groups (also present in  nitrophenols). 
B ro m o fen o x im  was prev iously  found to exhib it a voltam m etric cathodic signal at 
m ercury electrodes alone (no response was observed at bu lk  p latinum  and gold, bare 
glassy carbon and carbon paste electrodes) [82],
Figure 2.8: Structure o f Bromofenoxim.
In a p re lim in ary  experim ent to investigate the possib ility  o f  detecting reducib le nitro- 
groups at the b ism uth f ilm  electrode, c y c lic  voltam m ogram s o f  b rom ofenox im  in  B R  
buffer p H  7 were obtained. These  are show n in  F igure  2.9. T h e  reduction o f  
b ro m ofen ox im  elicited a strong response at the B iF E .  The  behaviour, how ever, was 
som ew hat d ifferent to that observed at the M F E  [82], A t  the M F E ,  the peaks for the 
tw o nitro groups were w ell separated, w h ile  here, the peak at approxim ately -0 .5 4  V  
appeared as a “ side-peak” on the peak at -0 .6 6  V .  Th e  corresponding peak potentials 
at the M F E  w ere -0 .3 8  V  and -0 .5 4  V ,  respectively. T h is  d ifference in  peak
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potentials may be attributed to slower reaction kinetics at the BiFE. The different 
behaviour regarding the peak separation may be due to the different initial potentials 
employed at the two electrode surfaces; -0.1 V at MFE and -0.25 V at BiFE.
P oten tia l / V  v s . A g / A g C l
Figure 2.9: Cyclic voltammograms of (a) BR buffer pH  7 with subsequent increments 
of 0.5 mg/L (1.12 x I O'6 mol/L) bromofenoxim; scan rate 100 mV/s; initial potential -  
0.25 V; vertex potential -1.0 V.
Differential pulse voltammetry further indicated the suitability of the BiFE for 
use in the electrochemical detection of bromofenoxim and other reducible organic 
compounds. The results of this are displayed in Figure 2.10 A. When DPV was 
employed, the peak separation was much improved when compared to cyclic 
voltammetry. In addition, in a preliminary investigation into the potential 
applicability of the bismuth film electrode in electrochemical detection under 
hydrodynamic conditions, the hydrodynamic amperometric behaviour of 
bromofenoxim was examined, Relatively high concentrations were employed here in 
order to elicit a strong response and demonstrate the potential use of the bismuth film 
electrode under hydrodynamic conditions. Figure 2.10 B displays a hydrodynamic 
amperometric recording obtained at the BiFE by increasing the bromofenoxim 
concentration in 1 mg/L increments at an operating potential o f -0.7 V. The current 
response at the BiFE exhibited good linearity with increasing bromofenoxim
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concentration, w ith  a correlation coeffic ien t (r) o f  0.999. Som e noise was observed in  
the am perogram ; this m ay be attributed to perturbations o f  the double layer and not to 
the actual electrode surface, as the noise was reduced w hen the electrodes were 
positioned so as to m in im ise  disturbances around the w orking  electrode. These  
results indicate that the bism uth film  electrode offers a suitable electrode surface for 
cathodic electrochem ical detection under both quiescent and hydrodyn am ic  
conditions.
P o te n tia l / V  v s. A g / A g C l T im e  / s
F ig u r e  2 .1 0 :  (A )  D P V  r e c o r d i n g  o f  ( a )  B R  b u ffe r , p H  7 .0 , (b ) , (c ) , a n d  (d )  a  +  2  m g /L , 
t- 5  m g /L , a n d  + 8  m g /L  b r o m o f e n o x im , r e s p e c t i v e l y ;  s c a n  r a t e  2 0  m V /s ,  m o d u l a t i o n  
t im e  0 .0 5  s, m o d u l a t i o n  a m p l i t u d e  5 0  m V  a n d  (B ) h y d r o d y n a m ic  a m p e r o g r a m  
o b t a i n e d  a t  B iF E  o n  in c r e a s i n g  th e  b r o m o f e n o x im  c o n c e n t r a t i o n  in  1 m g /L  
in c r e m e n t s  in  B R  b u ffe r , p H  7.0 ; o p e r a t i n g  p o t e n t i a l  - 0 . 7  V; e l e c t r o d e  r a d i u s  3  m m .
T h e  perform ance o f  the B iF E  was com pared to a bare g lassy carbon electrode 
( G C E )  and a m ercury f ilm  electrode (M F E ) . F igure  2.11 d isplays cy c lic  voltam m etric 
recordings o f  2-nitrophenol at the B iF E  and a m irror-polished bare G C E .  A s  is 
clearly  evident from  this figure, the 2-nitrophenol reduction behaviour is analogous 
to, and even slightly  advantageous over, that observed at the bare G C E  under identical 
conditions, as the peak potential is about 20 m V  less negative, the peak current is 
about 10% higher, and the peak is narrow er w ith the B iF E .  These results suggest that
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the electrochemical reaction at both electrodes is the same, although its rate seems 
very slightly higher at the BiFE. Notably, the baseline behaviour at both electrodes is 
almost identical.
Figure 2.11: Cyclic voltammograms obtained at the BiFE (a, c) and at a bare GCE 
(b, d); solutions (a, b) blank Britton-Robinson buffer, pH 4.0, (c, d) Britton-Robinson 
buffer, pH 4.0 + 10 mg/L 2-nitrophenol. The baselines (curves a and b) are offset by
3.5 and 1.50 /uA for the sake of clarity. Scan rate 100 mV/s; initial and final potential 
-0.3 V; vertex potential -0.9 V; electrode radius 3 mm.
The reproducibility of measurements at the BiFE reveal that for eight 
measurements (such as those in Figure 2.11), the variability (relative standard 
deviation, r.s.d.) of the recorded reduction peak current was 0.7% (mean ip =  22.3 
(iA), of the reduction peak potential was 0.7% (mean Ep =  -0.543 V) and of the half­
peak width 2.7% (mean 130 mV). The corresponding values for the bare GC were; 
mean ip =  19.4 jxA (r.s.d. = 0.8%), mean Ep =  -0.560 V (r.s.d. = 0.6%), and mean half­
peak width = 150 mV (r.s.d. = 2.4%). The similarity in these results again indicate 
that the reduction reaction at the BiFE and bare GCE is similar.
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In a similar manner, the BiFE was compared to a MFE under identical 
conditions, and with the same glassy carbon electrode serving as the substrate surface. 
Similarly as in the previous case, the CV recordings in Figure 2.12 reveal that the 
peak current for 2-nitrophenol reduction at the BiFE is about 10% higher and the peak 
is narrower when compared to that observed at the MFE (note that the analyte 
concentration is higher here than in Figure 2.11). However, the peak potential is 
shifted negatively for approximately 170 mY with the BiFE.
P oten tia l / V  v s . A g / A g C l
Figure 2.12: Cyclic voltammograms obtained at the BiFE (a, c) and at a MFE (b, d); 
solutions: (a, b) blank Britton-Robinson buffer, pH 4.0, (c, d) Britton Robinson buffer, 
pH 4.0 + 69.5 mg/L 2-nitrophenol. The baselines (curves a and b) are offset by 3.0 
and 8.0 ¡uA for the sake of clarity. Scan rate 100 mV/s; initial and final potential - 
0.15 for MFE and -0.3 V for BiFE/ vertex potential -1.1 V for both electrodes; 
electrode radius 3 mm.
This implies slower electron transfer kinetics and / or differences in the double layer 
regions of the BiFE, when compared with the MFE (more detail about the possible 
reaction mechanism at the BiFE will be provided in the following section). Also 
notable in Figure 2.12 is the behaviour of both electrodes at potentials more negative 
that about -0.8 V in the presence of 2-nitrophenol (curves c and d) in comparison to
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the corresponding baselines (curves a and b). For the MFE, an increase in current 
contribution possibly due to electrolyte discharge at higher negative potentials was 
observed, whereas the BiFE does not show such an increase in signal. However, it is 
more likely that this increase at the MFE is be due to the beginning of a further two 
electron reduction reaction to hydroxylamine (see Equation 2.4).
2.7.3 Electrochemical Behaviour of Nitrophenols at BiFE
Cyclic voltammetry was used initially to elucidate the nature of the electrochemical 
process occurring at the bismuth film electrode for 2-nitrophenol, 4-nitrophenol and
2,4-dinitrophenol. Typical cyclic voltammograms of the three compounds at
concentrations of 5 mg/L are shown in Figure 2.13.
Potential / V vs. Ag/AgCl
Figure 2.13: Cyclic voltammograms o f 5 mg/L (a) 2-nitrophenol, (b) 4-nitrophenol 
and (c) 2,4-dinitrophenol, obtained at the BiFE; supporting electrolyte 0.04 mol/L 
Britton-Robinson buffer pH 4.0; scan rate 100 mV/s; initial and final potential -0.3 V 
(-0.25 Vfor 2,4-dinitrophenol); vertex potential -0.9 V.
2-Nitrophenol exhibits one well-defined reduction peak at -0.54 V (a) with 4- 
nitrophenol also exhibiting a single peak at -0.61 V (b). 2,4-Dinitrophenol exhibits 
two well-defmed reduction peaks at -0.38 V and -0.65 V (c,I and c,II, respectively).
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The presence of one peak for the mononitrophenols and two peaks for 2,4- 
dinitrophenol is consistent with results obtained at mercury electrodes [54,55]. For
2,4-dinitrophenol, the first peak corresponds to the reduction of the nitro group in the 
ortho position, while the second peak corresponds to the reduction of the nitro group 
in the para position. However, the peak potentials for the nitrophenols at BiFE are 
shifted to more negative values. As mentioned previously, this may be attributed to 
slower reaction kinetics at the BiFE as compared to mercury and / or differences in 
the double layer regions of both electrodes.
The reduction of the nitrophenols at the BiFE is an irreversible process (i.e. 
occurs with sluggish electron exchange). The first and most obvious proof of this is 
the absence of a peak in the reverse scan i.e. no oxidation peak(s) corresponding to 
the reduction peak(s) for the nitrophenols. A shift in peak potential was also observed 
with a change in scan rate (from 5 mV/s to 500 mV/s) for 2-nitrophenol (see Figure 
2.14), which is typical of an irreversible process [33].
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Figure 2.14: Influence of CV scan rate on peak potential for 10 mg/L 2-nitrophenol in 
Britton-Robinson buffer pH 4.0.
The peaks for each of the nitrophenols were observed to decrease upon second 
and subsequent scans at the same bismuth film, indicating an adsorptive nature of the 
analytes. Similar adsorptive behaviour has also been reported for aromatic nitro
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com pounds at m ercury electrodes [46,82], F ig u re  2.15 A  and B  shows the influence  
o f  scan rate on  peak current. A  plot o f  current vs. the square root o f  scan rate y ie lded  
a straight line  over the entire range (5 m V/s to 500 m Y/s), pointing  to a d iffu sion -  
controlled process. Interestingly, stirring the so lution between scans was found to 
considerably affect the current response, w hereby the r.s.d. (n = 8) between scans o f  a 
solution o f  10 m g/L 2 -N P  for 4, 6, 8, 10 and 15 s stirring was 9.5, 4.0, 1.3, 0.7 and 
0.7%, respectively. These  results seem to suggest that reduction product adsorption  
on the electrode causes the decrease in  signal, w ith stirring for 10 s rem oving  this 
product from  the surface and returning it to its orig ina l state. O vera ll, these results 
suggest that during the reduction o f  n itrophenols at the B iF E ,  the process is contro lled  
by d iffu sion , although som e w eak adsorption o f  the reduction product on the electrode  
surface occurs.
Scan Rate / mV/s (Scan Rate / mV/s)1/2
Figure 2.15: (A) Influence of scan rate and (B) influence o f square root o f scan rate 
on reduction o f 10 mg/L 2-nitrophenol in Britton-Robinson buffer pH 4.0.
2.7.4 Influence of pH and Solution Composition
C y c lic  voltam m ogram s w ere recorded in  B R  buffers in  the p H  range 2-10 in  order to 
study the p H  dependence o f  peak potential and peak current o f  the three nitrophenols. 
Consistent w ith  results obtained at m ercury electrode for the dependence o f  peak  
potential on p H  [54,56], a linear shift towards m ore negative peak potentials is
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observed for a ll three com pounds w ith  increasing p H  as show n in  F igure  2.16. The  
predicted rate o f  increase o f  potential w ith  increasing p H  in  a reaction in vo lv in g  a 1:1 
ratio o f  protons to electrons is approxim ately 59 m Y  per p H  unit [43,56]. In the p H  
range covered in  this study, the fo llo w in g  slope values were obtained for the 
nitrophenols: 45 m V / p H  for 2-nitrophenol (a), 52 m V / p H  for 4-nitrophenol (b) and 72 
m V / p H  for 2 ,4-din itrophenol (first process; c) and 58 m V / p H  for 2 ,4-dinitrophenol 
(second process; d). T h e  corresponding correlation coefficients are all > 0.997. 
These results indicate that the reduction o f  the nitrophenols invo lves a 1:1 ratio o f  
protons to electrons, as determ ined at the m ercury electrode. T h e  peak currents o f  the 
nitrophenols exhibited a change in  sensitivity over the p H  range, as expected in a 
reaction in vo lv in g  protonation (see F igure  2.17). V aria tion s in  the current response 
w ith p H  were also observed for nitrophenols at m ercury and m od ified  carbon paste 
electrodes [54,60,61]. T h e  p H  o f  m ax im um  response for 2 -N P  and 2 ,4 -D N P  was 
determ ined to be p H  4.0, w h ile  that o f  4 -N P  was p H  5.0. B ritton  R ob in son  buffer p H  
4.0 was chosen as supporting electrolyte as this p H  provided  the highest sensitiv ity  for 
2-nitrophenol and 2,4-dinitrophenol, w h ile  still p rov id in g  a w ell-defined  peak fo r 4- 
nitrophenol.
In addition to investigating the effect o f  solution p H  on the reduction o f  
nitrophenols at the B iF E ,  the in fluence o f  the supporting electrolyte com position  on  
the reduction o f  2-nitrophenol was also investigated. Th e  supporting electrolytes used  
were 0.05 m ol/L  and 0.1 m ol/L acetate buffer, 0.05 m ol/L and 0.1 m ol/L  form ate 
buffer. In addition, the B iF E  response to 2-nitrophenol in  partia lly  non-aqueous 
m edium  (acetonitrile + 20 m m ol/L  am m onium  acetate (3 + 1) at p H  4 and 7.8), 
relevant fo r use in  conjunction w ith  chrom atographic / preconcentration  
m ethodologies, was also exam ined. Th e  results o f  these measurements are show n in  
Figure  2.18.
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Figure 2.16: Influence o f  p H  o f  the Britlon-Robinson buffer on peak potential for 10 
mg/L (a) 2-NP, (b) 4-NP, (c, d) 2,4-DNP (processes 1 and II, respectively); supporting 
electrolyte 0.04 mol/L BR buffer (pH 2.0 to 10.0); CV scan rate 100 mV/s.
1 2 3 4 5 6 7 8 9  10 11
pH
Figure 2 .1 7; Influence o f  pH  o f  the Britlon-Robinson buffer on peak current for  
nitrophenols; all conditions as in Figure 2.16.
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Figure 2.18: Influence o f  supporting electrolyte composition on current and potential 
response fo r  10 mg/L 2NP; (a) 0.04 mol/L BR buffer p H  4, (b, c) 0.05 mol/L and 0.1 
mol/L acetate buffer p H  4, respectively, (d, e) 0.05 mol/L and 0.1 mol/L form ate 
buffer, respectively, ( f  g) acetonitrile+20 mmol/L ammonium acetate (3 + 1) p H  7.8 
and p H  4, respectively; CV scan rate 100 mV/s.
From Figure 2 .18 , it is evident that 0 .04 m ol/L  Britton R obinson  buffer 
provided that optim um  conditions for reduction o f  2 -nitrophenol as the current w as 
h ighest here w hen com pared to that obtained w ith the other solutions. H ow ever, a 
strong response w as obtained for reduction o f  2 -nitrophenol in each o f  the other 
m edia. In addition, in aqueous m edia, the peak potentials w ere alm ost the same. A s  
expected , the behaviour in  non-aqueous m edium  w as considerably different to that in  
com pletely  aqueous m edia. A t pH  7.8 , the current response w as the low est, although  
on adjusting the pH to the optim um  o f  4 .0 , the current increased considerably. The 
peak potential in  acetonitrile +  20 m m ol/L  am m onium  acetate (3 +  1) pH 7.8 w as 
shifted to m ore negative values by approxim ately 280  m V . This w as partly attributed 
to the change from  protic to aprotic m edium  and thus to a variation in pH. H ow ever, 
a contribution o f  the unknow n liquid junction  potential due to the use o f  an all- 
aqueous reference electrode w as also anticipated. This seem ed likely , as even  w hen  
the pH w as adjusted to pH 4, the d ifference in peak potentials w as approxim ately 170
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m V . T hese results sh ow  that the reduction o f  2-nitrophenol at the B iF E  is possib le in 
various m edia, including those com m on ly  em ployed  in solid  phase extraction and 
chrom atographic m ethodologies i.e. non-aqueous media.
2 .7 .5  C a lib ra tio n
Table 2.1 show s the calibration data for each o f  the nitrophenols obtained em ploying  
square w ave voltam m etry. A s can be seen , the dependence o f  the SW V  peak height 
on the analyte concentration is linear over a w id e range, w ith  lo w  lim its o f  detection  
being ach ieved  for each com pound. The relative standard deviations (n =  9) for a 5 
[j,g/L solution  o f  2-N P , and a 10 ug/L  solution  o f  4-N P , w ere 6.3%  and 8.7%  
respectively , w h ile  for a 25 pg/L  solution  o f  2 ,4 -D N P  the r.s.d.s (n =  8) w ere 10.6%  
and 10.4% , for the first and second p rocesses, respectively . For concentrations o f  
1 m g/L  solutions o f  2-nitrophenol, 4-nitrophenol and 2,4-dinitrophenol (processes one  
and tw o) the r.s.d .s (n =  9) w ere 0.7% , 1.8% and 2.8%  and 3.4% , respectively. 
Figure 2 .1 9  show s square w ave voltam m ogram s obtained for B R  buffer pH  4 and 1 
and 5 (.ig/L 2-nitrophenol at the B iFE. Here the sensitive response o f  the B iF E  to 2- 
nitrophenol reduction can be clearly observed, indicating the potential u sefu lness o f  
this electrode for determ inations at lo w  ug/L  levels.
Substance Linear R ange/jug/L ra LoD /  /ug/L
2 -N P 1 0 -  10000 0.999 0.44
4-N P 1 0 - 5 0 0 0 0.999 1.37
2 ,4 -D N P b 1 0 -  10000 0 .997 7.96
2 ,4 -D N P c 25 - 10000 0.999 6.66
a correlation coefficien t, Ll first p e a k ,c second peak
Table 2.1: Calibration data fo r  nitrophenols.
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Figure 2.19: Square wave voltammograms o f  (a) 0.04 mol/L Britton Robinson buffer 
p H  4.0, (b) a + 1 jdg/L 2-nitrophenol and (c) a + 5 jug/L 2-nitrophenol; SW Vsettings; 
initial potential -0.3 V; final potential -0.9 V; amplitude 25 mV; frequency 20 Hz, step 
potential 5 mV.
2 .7 .6  P o te n tia l E ffe c t on  R e sp o n se  o f  B iF E  an d  H y d ro d y n a m ic  A m p ero m etry
A s expected , the applied potential in hydrodynam ic am perom etry exerted a significant 
e ffec t on  the reduction o f  the nitrophenols. Figure 2 .20  show s hydrodynam ic  
voltam m ogram s obtained for each o f  the three nitrophenols. A s expected, the 
in flection  point in the hydrodynam ic voltam m ogram  for 2 -nitrophenol w as low er than 
that for 4-n itrophenol, due to its low er reduction potential. The hydrodynam ic  
voltam m ogram  for 2,4-din itrophenol exhibited  tw o in flection  points. The presence o f  
tw o in flection  points can be explained by the fact that tw o nitro groups are reduced in  
2,4-din itrophenol. The first in flection  point m ost likely  is attributed to the reduction  
o f  the first nitro group, w h ich  the second corresponds to the reduction o f  the second  
nitro group. The possib ility  o f  using a rotating B iF E  in the reduction o f  2-nitrophenol 
w as also investigated. Here, the bism uth film  w as plated onto the substrate g lassy  
carbon electrode as usual and the electrode then rotated at 500 r.p.m. The resulting  
am perogram  is show n in Figure 2 .21. T hese results suggest the possib ility  o f  
em ploying a rotating electrode in detection o f  nitrophenols at the BiFE.
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Figure 2.20: Hydrodynamic voltammograms obtained fo r  additions o f  (A) 2- 
nitrophenol, (B) 4-nitrophenol and (C) 2,4-dinitrophenol to 0.04 mol/L Britton- 
Robinson buffer p H  4.0 under stirring conditions.
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Figure 2.21: Hydrodynamic amperogram obtained fo r  1 mg/L additions o f  2- 
nitrophenol to 0.04 mol/L Britton-Robinson buffer p H  4.0 at a rotating disc electrode 
at 500 r.p.m.; operating potential +0.6 V; inset: corresponding data.
2 .7 .7  F lo w  In jec tio n  A n a ly s is  o f  N itro p h en o ls
A s described in S ection  2 .3 .3 , reducible substances such as nitrophenols are often  
separated em ploying liquid  chrom atography, and detected w ith  an electrochem ical 
detector com prising a w orking electrode o f  mercury or g lassy  carbon. In this study 
w e considered  em ploying the bism uth film  electrode as a n ew  so lid  electrode surface 
suitable for u se in such an application. The advantages o f  using such an electrode 
include replacem ent o f  to x ic  mercury w ith non-toxic bism uth and elim ination o f  the 
n ecessity  for regular electrode cleaning, w h ich  is necessary w ith g lassy  carbon  
electrodes, as the bism uth film  can be quickly and easily  regenerated w ith an 
electrochem ical cleaning and re-deposition  step. A s the suitability o f  the B iFE  in the 
detection  o f  nitrophenols (and brom ofenoxim ) under hydrodynam ic conditions was 
previously  proved (S ection  2 .7 .2  and 2 .7 .6 ), its application in a flo w  injection analysis 
system  w as investigated. W hile 0 .04  m ol/L  Britton R ob inson  buffer pH  4.0  w as  
suitable for bulk electrochem ical m easurem ents, it w as decided to alter the electrolyte  
for flo w  m easurem ents in order to assess its potential usage w ith so lid  phase  
extraction preconcentration and chrom atographic separation m eth odologies [22,23],
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The B R  concentration w as increased to 0.1 m ol/L  in order to im prove conductivity, 
and m ethanol (80% ) w as added as this proportion o f  organic so lvent c lo se ly  relates to 
am ounts used  in the aforem entioned procedures; a potential o f —1.0 V  w as found to be 
suitable under these conditions for determ inations o f  the nitrophenol com pounds at 
lo w  ^g/L  levels. P lating o f  the bism uth film  “in -lin e” w as su ccessfu lly  accom plished  
and confirm ed by plating a bism uth film  under flow in g  conditions, rem oving the 
electrode from  the flow -through cell and stripping the film  o f f  in  blank acetate buffer 
solution. The stripping behavior o f  the “in -lin e” plated bism uth w as determ ined to be 
the sam e as that o f  a film  plated by bulk electrolysis, indicating that the “in -lin e” 
plated B iF E  is the sam e as a film  plated under bulk conditions. R em oval o f  the 
bism uth film  sim ply invo lves the application o f  +0.3 V  for 15 s after w hich  a n ew  
bism uth film  can be plated, w ithout any requirem ent for polish ing. Figure 2 .22  show s 
an am perogram  obtained under flow in g  conditions for repeat injections (x  3 each) o f  
(a) 1, (b) 5, (c) 10 and (d) 1 (.ig/L concentrations o f  2-nitrophenol at the B iFE. Here 
the B iF E  is demonstrated to be extrem ely  sensitive for the m easurem ent o f  2- 
nitrophenol, w ith  the electrode responding to increasing concentrations o f  2-N P  and in  
turn to a decrease in  concentration injected.
Tim e /  s
Figure 2.22: Flow injection-amperometric detection measurements fo r  1 (a), 5 (b), 1 0  
(c) and 1 (d) fig/L injections o f  2-NP. Conditions: carrier solution; 0.1 mol/L BR 
buffer-methanol (20+80) p H  4.0; operating potential - 1.0 V; flow  rate 0.5 mL/min.
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Figure 2.23 displays 3 recordings for 3 injections o f  1 (j,g/L 2-nitrophenol obtained at 
three different bism uth film s. T hese results in  particular dem onstrate the potential 
applicability o f  the B iFE  for flo w  injection  m easurem ents w hereby reproducible 
results, at lo w  concentrations, are obtainable at different film s fo llo w in g  sim ple  
electrochem ical deposition  and renewal o f  the bism uth film . The repeatability  
obtained for 8 repeat injections o f  1 (ig/L  2-nitrophenol at the sam e film  is 8.5%, 
illustrating that the B iFE  is also extrem ely suitable for repeat m easurem ents o f  low  
concentrations. The linear range for 2-nitrophenol is 1 to 10 fJ.g/L (r =  0 .997), w ith  a 
lim it o f  detection  (S /N  =  3) o f  0.25 fig/L. The lim it o f  detection  (S /N  =  3) o f  4- 
nitrophenol is 0 .56  fJ.g/L, w ith  a linear range o f  1 to 10 (ig/L (r =  0 .998). The linear 
range for 2,4-din itrophenol extends from  1 to 20  |ig /L  (r =  0 .993), w ith  a lim it o f  
detection  (S /N  =  3) o f  0.73 j_ig/L.
Tim e / s
Figure 2.23: Triplicate flow  injection-amperometric detection recordings o f  3 
injections o f  2 fJg/L 2-nitrophenol at 3 different successively p la ted  bismuth films; 
Conditions: carrier solution; 0.1 mol/L BR buffer-methanol (20+80) p H  4.0; 
operating potential -1 .0  V; flow  rate 0.5 mL/min.
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2.8 C onclus ions
The eathodie electrochem ical detection o f  som e reducible organic com pounds 
(brom ofenoxim , 2-nitrophenol, 4-nitrophenol and 2,4-dinitrophenol) at a bism uth film  
electrode is presented, w ith  the study focu sin g  on  the latter three. The results revealed  
that the B iFE  is an attractive solid  electrode surface for the detection  o f  the priority 
pollutants 2-nitrophenol, 4-nitrophenol and 2,4-dinitrophenol, providing lo w  lim its o f  
detection and elim inating the need for regular p olish ing  o f  the electrode surface due to 
the easy  electrochem ical renewal o f  the bism uth film . Its suitability to the bulk  
electrochem ical detection  o f  nitrophenols has been  dem onstrated, a llow ing excellent 
lim its o f  detection  in the lo w  pg/L  range to be achieved using square w ave  
voltam m etry. In addition, flo w  injection  m easurem ents have revealed  that the BiFE  
sh ow s excellen t prom ise in terms o f  ach ieving full autom ation (film  preparation- 
m easurem ent-electrode regeneration cy c le ) and its suitability for use w ith  a non- 
aqueous carrier solution  indicates its potential for coupling to a solid  phase extraction  
/  chrom atographic procedure. Under such conditions it was found to be extrem ely  
sen sitive to the detection  o f  nitrophenols, whereby excellen t lim its o f  detection
< 1 pg /L  w ere obtained for each com pound. E m ploying a suitable preconcentration  
(e.g. so lid  phase extraction) procedure should easily  facilitate the determ ination o f  
these com pounds at lim its <  0.1 pg/L , the current regulatory lim its.
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3. T H E  B I S M U T H  F I L M  E L E C T R O D E  F O R  A D S O R P T I V E
S T R I P P I N G  V O L T A M M E T R I C  A N D  P O T E N T I O M E T R I C  
S T R I P P I N G  A N A L Y S I S  O F  T R A C E  C O B A L T  A N D  N I C K E L  
I N  S O M E  L O W - V O L U M E  B O D Y  F L U I D S ,  A N D  
A P P L I C A T I O N  I N  T H E  D E T E R M I N A T I O N  O F  S E L E C T E D  
H E A V Y  M E T A L S  I N  S O I L  E X T R A C T S
3.1  In trodu ction
M etals have p layed  an important, yet dual role in the history o f  man. On the one  
hand, their increased industrial use has contributed substantially to technological 
developm ent, and on the other, they have long been recognised  as potential hazards to 
human health [1], W hile m any m etals have b een  acknow ledged  as essentia l (e.g. 
boron, iron, selen ium , zinc), tox ic  effects on liv in g  material can be expected  from all 
elem ents. The to x ico lo g y  o f  an elem ent is dependent on  the k inetics o f  the interaction  
o f  the elem ent in ion ised  form  or as an organic com pound o f  the elem ent w ith  the 
hum an organism . T he potential tox ic character or the final tox icity  depends on  the 
result o f  this interaction, in w hich  both the elem ent concerned and the organism , w ith  
its anatom ical and physio log ica l characteristics, have a mutual influence. 
T oxicok in etics can be considered  in three stages: (1) a stage o f  entry and resorption,
(2 ) a stage in the organism  w here transport, distribution, accum ulation,
biotransform ation and the effect take p lace, and (3) a stage in w h ich  the chem ical 
leaves the organism . In each o f  these stages, the elem ent is found in a suitable 
chem ical and physica l form  to interact w ith  the anatom ical characteristics and the 
p h ysio log ica l properties o f  the organs or system s [ 1 ],
The p ossib le  contacts o f  man w ith  potentially tox ic  m etals and their 
com pounds differ w id ely . T oxic elem ents such as Pb, Hg, Cd, A s, Cr and N i occur in  
very different concentrations in nature, air, water, so il, food, and beverages, so that 
the background concentrations differ throughout the world. The health effects  
associated  w ith  m etal tox ic ity  in m am m als include early m ortality, grow th retardation, 
im paired reproduction w ith  m ortality o f  offspring, depression or p h ysio log ic
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parameters, neoplasm s, and chronic d isease sym ptom s [2], A t the cellu lar level, 
derangem ent o f  cell-m em brane perm eability and anti-m etabolite activity are the 
effects o f  m etal toxicity . M etals can interact w ith  a protein, leading to an allosteric  
effect, or w ith  D N A  or R N A  to stop norm al m etabolism , or w ith  unknown  
com pounds, leading to a change in p h y sio lo g ic  processes, to a change in behaviour, or 
even  to a change in an eco log ica l system . C hanges in rates o f  the catalytic 
d ecom position  o f  essential m etabolites, enzym e inhibition, and irreversible 
conform ation changes in m acrom olecular structure are som e o f  the effects o f  metal 
tox icity  at the m olecular level [2 ],
The inherent tox icity  o f  a m etal and its com pounds in b io lo g ic  system s 
depends on its electrochem ical character and oxidation  state, its absorption and 
transport in the body tissues, the stability and solub ility  o f  its com pounds in  body  
flu ids, its ease o f  excretion, and its reaction w ith  functioning tissues and organelles 
and w ith essential m etabolites and other m etals [2], T oxicity  due to m etal com pounds 
under acute and m oderately severe chronic conditions can be d istinguished by 
outward clin ical sym ptom s. Postm ortem  exam ination and analysis o f  the tissues and 
internal organs indicate the extent o f  intoxication  and the distribution o f  metal 
toxicants in the body. T oxicity  due to chronic exposure to very lo w  d oses o f  m etallic  
toxicants is d ifficu lt to diagnose, esp ecia lly  w hen  clin ical or outward sym ptom s are 
not w e ll pronounced. Under these conditions, blood, cerebrospinal flu ids, and 
available excretory products o f  m etabolism  such as faeces, urine, skin, nails, and hair 
are analysed to identify and assess the d osage o f  the toxicant [2]. Other sam ples in  
w hich  m etals m ay be m easured include saliva  and sweat. In addition, it is o f  interest 
to m easure these elem ents and com pounds in sam ples such as marine, river and tap 
waters, air, so ils  and foods as these represent p ossib le routes for exposure.
C onsidering the w idespread availability o f  tox ic m etals, and the hazards 
associated  w ith  contact w ith  them , m ethods suitable for their determ ination in a 
variety o f  sam ples are h igh ly  desirable. M any m ethods have been developed  for this 
purpose, including atom ic absorption spectrom etry, atom ic em ission  spectrom etry, x- 
ray fluorescence, gas-liquid  chrom atography, neutron activation analysis and 
electrochem ical m ethods [2], It is the latter w ith  w h ich  this work is concerned and 
further inform ation about several o f  these techniques is included in the fo llow in g  
sections.
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3.2 Cobalt, N ic k e l and  Heavy M e ta ls  and  S ig n ifica n ce  fo r  M easurem ent
3.2 .1  C o b a lt
3.2.1.1 Introduction
Cobalt is a m em ber o f  the iron triad in the eighth group o f  the periodic table, w ith  
atom ic num ber 27 (atom ic configuration; [Ax]3 d 1 As2) and atom ic w eight 58.93 g/m ol
[3]. The electrochem ical behaviour o f  cobalt is usually interm ediate betw een  that o f
2+
iron and n ickel, w ith  a standard electrode potential at 2 5 °C for Co —> Co o f  
+ 0 .278  V . C obalt exhibits a valency o f  2 or 3, the bivalent being the stable state for 
the sim ple ion  w hen  not co-coordinated to anything but water [3]. The sim ple  
trivalent cobaltic (Co(III)) ion is unstable; cobalt occupies an interm ediate position  
b etw een  iron, w here the trivalent ion is the stable state, and n ickel, w here trivalent 
ions probably do not exist. There are a great num ber o f  co-ordination com pounds o f  
Co(III). The Co(III) ion  readily form s six-coordinate, octahedral com plexes such as
'3+ .
the cobaltam m ines, w h ose parent ion is hexam m inecobalt(III), [C o(N H 3)g] , in  w hich  
s ix  am m onia m olecu les are bonded, through their nitrogen atom s, to the central cobalt 
atom. There are also a number o f  com plexes o f  cobalt(II). D ivalent cobalt in 
com plexes has a coordination number o f  either four or six , whereas that o f  the Co(III) 
ion  is invariably six.
3.2.1.2 Cobalt in the Environm ent and Human Body
C obalt is not an abundant elem ent (earth abundance ~  20 ppm ), but it is w id ely  
diffused  in nature, occurring in rocks, sea water, mineral water, coal, m eteorites, the 
Sun and stellar atm ospheres, so ils, plants and anim als [1]. Its u ses are varied and 
include its utility  in the ceram ic and glass industries, cem ented  carbides, driers, 
catalysts, m agnetic, w ear-resistant, corrosion-resistant, or heat resistant a lloys, and in 
such d iverse fields as radiography, pigm ent manufacture, electroplating, tracers, and 
anim al nutrition. M any cobalt minerals have been described, but the important ones 
are su lphides, arsenides, and oxid ised  com pounds.
W hile cobalt is an essential elem ent in hum ans and anim als as a constituent o f  
vitam in B n , and has also been used in the treatment o f  anaem ia due to its ability to 
stim ulate red b lood  ce ll production, exposure to this elem ent results in som e quite
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serious health effects [4], Chronic inhalation exposure to cobalt includes effects on 
the respiratory system  such as respiratory irritation, w h eezing , asthma, decreased lung  
function, pneum onia, and fibrosis. Other effects noted in hum ans from inhalation  
exposure include cardiac effects, such as functional effects on the ventricles and 
enlargem ent o f  the heart, congestion  o f  the liver, k idneys and conjunctiva, and 
im m unological effects that include cobalt sensitisation, w hich  can precipitate an 
asthma attack in sensitised  individuals [4]. Cardiovascular effects were observed in 
p eop le w h o consum ed large quantities o f  beer over a period o f  several years, w hich  
contained cobalt sulphate as a foam  stabiliser (average concentration o f  cobalt 
ingested  0 .04  m g/kg/day to 0 .14  m g/kg/day). G astrointestinal effects (nausea, 
vom iting, and diarrhoea), effects on the blood, liver injury and allergic dermatitis 
have also been reported in hum ans from oral exposure to cobalt [4]. A nim al studies 
have reported respiratory, cardiovascular, and central nervous system  effects, 
decreased body w eigh t, necrosis o f  the thym us, and effects on the blood, liver, and 
kidneys from inhalation exposure to cobalt. The m ost com m on sources o f  exposure  
are through air, drinking water, and food. The average concentration o f  cobalt in 
am bient air in the U S  is approxim ately 0 .0 0 0 4  (.ig/m3, w h ile  the level in one industrial 
site w as found to be 0.61 (ig/m 3. A verage levels in drinking water w ere found to be 2 
p,g/L, but va lues up to 107 (j.g/L have been  measured. The average daily intake o f  
cobalt from  food  is estim ated to be 5 to 40 (ig/day [2], Increased exposure occurs in  
those w orking in the production o f  cobalt pow ders and in m etal workers. E xcretion o f  
cobalt occurs m ainly v ia  urine.
The 2001 C E R C L A  (C om prehensive Environm ental R esponse, 
C om pensation, and L iability  A ct) Priority L ist o f  Hazardous Substances, which  
prioritises substances based on  their frequency, toxicity , and potential for exposure at 
N ational Priorities L ist (a prioritised list o f  the U S A ’s w orst hazardous w aste sites, 
developed  by the U S E P A , w hich  identifies and inform s the public about releases o f  
hazardous substances, pollutants, and contam inants [5]) sites, ranks cobalt in  49 th 
position  [6]. In another prioritisation o f  the tox ic ity  o f  certain com pounds, the 
A g en cy  for T ox ic  Substances and D isease  R egistry (A T D S R ) developed  the M inim al 
R isk  L evel (M R L ) for hazardous substances, w h ich  is an estim ate o f  the daily human  
exposure to a hazardous substance that is likely  to be w ithout appreciable risk o f  
adverse non-cancer health  effects over a specified  duration o f  exposure [7], The
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tox ico log ica l profiles include an exam ination, summary, and interpretation o f  
available tox ico log ica l inform ation and ep idem iologica l evaluations o f  a hazardous 
substance. The M RLs for cobalt are show n in Table 3.1. Considering the health  
effects associated  w ith exposure to cobalt and its w idespread occurrence and use, 
m ethods suitable for its determ ination at lo w  (|ig /L ) lev e ls  are extrem ely desirable. 
Currently used m ethods, and the n ew ly  introduced m easurem ent o f  cobalt at the 
bism uth film  electrode w ill be described in the proceeding sections.
3 .2 .2  N ick e l
3.2.2.1 Introduction
N ick el is a silvery w hite, hard m etal that is very tenacious, m alleab le and ductile [8].
It can take a h igh  polish  so that it reflects a large proportion o f  the light fa lling on  a
8 2polished  surface. Its atom ic number is 28 (atom ic configuration; [A r].3d  ,4s ) and 
atom ic w eigh t 58.71 g/m ol. In the ionic form, n ickel usually has the oxidation  state o f  
tw o, but unstable com pounds having the oxidation  states o f  one and three are know n. 
The h igh ly  to x ic  com pound nickel carbonyl exhibits the oxidation  state o f  zero. The 
standard oxidation  potential for N i -*  N i21 is + 0 .250  V . N ick e l form s m any 
com plexes. T hese include nickel(II) cyanides o f  the type M 2N i(C N )4, n ickel(II) 
am ines, and chelates o f  n ickel w ith  d ioxim es. The latter are em ployed  in its 
determination.
3.2.2.2 N ickel in the Environm ent and Human Body
N ick el is m ore w id ely  distributed in nature than cobalt (80  ppm  vs. 20  ppm). It is
found in the Earth’s core, d eep-sea  nodules, m eteorites, seawater, so ils, coal, and
crude oil [9 |. Interm ediate uses o f  nickel include steel production, the production o f  
other a lloys, and electroplating. The m ost important end-uses are in transportation, 
the chem ical industry, electrical equipm ent, and construction. It is also found in 
coinage, jew ellery , h ousehold  appliances, and as a com ponent o f  dental and
orthopaedic devices. T he burning o f  residual and fuel o ils , n ickel m ining and
refining, and m unicipal w aste incineration are the m ain anthropogenic sources o f  
n ickel em ission s to the atm osphere, and account for approxim ately 90%  o f  the total 
global em ission .
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N ick el is an essential elem ent in som e anim al sp ecies, and it has been  
suggested  that it m ay be essential for hum an nutrition, being found in num erous 
food stu ffs including cocoa , chocolate, dried fruit, nuts, and several grains, fruits, and 
vegetab les. Food is the m ain source o f  n ickel exposure, w ith  an average intake for 
adults estim ated to be approxim ately 100 to 300 (ig/day [10], Sm all amounts o f  
nickel are also found in water, so il and air. B ecause o f  the large number o f  n ickel- 
releasing sources, the n ickel concentration in am bient air m ay sh ow  considerable  
variation. For exam ple, in  a rem ote area (Canadian A rctic), levels o f  0 .38 -  0 .62  
n g/m 3 w ere recorded, as com pared to 124 ng/m 3 in the v icin ity  o f  a nickel sm elter [9], 
N ick el concentrations in drinking water in European countries o f  2-13 (ig/L  have been  
reported. In m ost food  products, the n ickel content is less that 0.5 m g/kg fresh  
w eight. N ick el ranks 53 in the C E R C L A  Priority L ist o f  H azardous Substances [6]. 
Its M R L data are included in Table 3.1.
Derm atitis is the m ost com m on effect in hum ans from chronic dermal 
exposure to nickel. C ases o f  nickel derm atitis have been reported fo llow in g  
occupational and non-occupational exposure, w ith  sym ptom s o f  eczem a o f  the 
fingers, hands, wrists and forearm s [10], Chronic inhalation exposure to nickel also  
results in  respiratory effects, including a type o f  asthma specific  to n ickel, decreased  
lung function, and bronchitis. Hum an studies have reported an increased risk o f  lung  
and nasal cancers am ong n ickel refinery workers exp osed  to n ickel refinery dust. The 
E PA  has classified  n ickel carbonyl as a Group B 2, probable hum an carcinogen [10], 
M ethods for the m easurem ent o f  n ickel w ill be described in the fo llo w in g  sections.
Nam e Route Duration M R L * Endpoint
C a d m iu m Oral C hronic3 0.0002 m g/kg/day Renal
C o b a lt Inhalation Chronic 0.0001 m g/m 3 Respiratory
Oral Interm ediate5 0.01 m g/kg/day Haem ato logical
C o p p er Oral A cutec 0.02 m g/kg/day G astrointestinal
Chronic 1 m Sv/yr Other
N ick e l Inhalation Chronic 0.0002 m g/m 3 Respiratory
’M R L =  m inim um  risk lev el, a> 365 days, b> 14-364  days, C1 -14 days
Table 3.1: MRLs associated with cadmium, cobalt, copper and nickel (from [7 ]).
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3 .2 .3  O th er  H ea v y  M eta ls M ea su red  in  th is W o rk
W hile the m ain focus o f  this Section  o f  the w ork is the m easurem ent o f  niclcel(II) and 
cobalt(II) as their dim ethyl g lyoxim ate com plexes using adsorptive stripping 
voltam m etry and adsorptive potentiom etric stripping analysis at the bism uth film  
electrode, the final part o f  this Section  deals w ith  the m easurem ent o f  som e other 
heavy m etals in so il extracts. H ence, a b r ie f sum m ary o f  som e o f  the characteristics 
and effects o f  these m etals is provided here.
3.2.3.1 Cadmium
Cadm ium  is a soft, b lu ish-w hite metal w hich  is easily  cut w ith a knife [11]. In the 
Periodic Table o f  the elem ents, it lies b e lo w  zinc and above mercury: its atom ic  
number is 48 , its atom ic w eight 112.41 g /m ol, and its electronic configuration  
[Kr].4<i10.5 i2. Its com m on oxidation  state is +2, although it can also form som e very 
unstable oxidation  state +1 com pounds. It form s chlorides, brom ides, iod ides and 
fluorides and also organic com pounds o f  the type R^Cd.
Cadm ium  is used  in the manufacture o f  p igm ents and batteries, and in the 
metal plating and plastics industries. The average cadm ium  content o f  the earth’s 
crust is  estim ated to be about 0.1 m g/kg. W eathering o f  m inerals in geo log ica l 
periods has lead to Cd enrichm ent o f  sedim ents by a factor o f  2-3. Phosphates sh ow  a 
broad range o f  Cd contents w ith  an average o f  about 15 m g/kg. Soils generally  
contain <  5 m g/kg, w ith  higher leve ls  being attributed to anthropogenic sources [11], 
The largest sources o f  airborne cadm ium  in the environm ent are the burning o f  fo ssil 
fuels and incineration o f  m unicipal w aste m aterials [12], It m ay also be em itted from  
zinc, lead, or copper sm elters. Sm oking is another important source o f  cadm ium  
exposure, w ith  sm okers having approxim ately tw ice  the amount o f  cadm ium  in  their 
bodies than non-sm okers. For non-sm okers, food  is generally the largest source o f  
cadm ium  exposure. The average intake o f  Cd in m ost European countries, the U S  and 
N e w  Zealand is estim ated to be in the 10-30 |ig /d ay  range, w h ile  levels o f  up to 400  
fag/day have been reported in Japan [11], Cadm ium  occupies 7th place in the 
C E R C LA  Priority L ist o f  Hazardous Substances [6]. Its M RL data are included in 
Table 3.1.
Chronic inhalation and oral exposure o f  hum ans to cadm ium  results in  an 
accum ulation o f  cadm ium  in the k idneys that can cause k idney d isease [12], Other
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effects noted in occupational settings include effects on the lungs, including  
bronchitis. H um an developm ental studies on cadm ium  are lim ited, although there is 
som e ev idence that maternal cadm ium  exposure m ay result in  decreased birth- 
w eights. O ccupational studies have reported an ex cess risk o f  lung cancer in humans 
from  exposure to cadm ium , and although the evidence is rather lim ited, the U SE P A  
considers cadm ium  to be a probable hum an carcinogen. M easurem ents o f  cadm ium  
in b lood  or urine using atom ic absorption spectrometry, or in liver or kidney using  
neutron activation analysis, are used as indicators o f  cadm ium  exposure [ 12 ].
3.2.3.2 Copper
Copper, atom ic number 29 , atom ic m ass 63.55 g/m ol, and electronic configuration  
[A rJJf/10. ^ 1, is the 2 6 th m ost abundant elem ent in the earth’s crust [13]. It has been  
know n for about 10,000  years and occurs in pure form as a “sem i-precious” metal or 
in  com pounds as Cu(I) or Cu(II). A fter silver, copper is the best com m on conductor 
o f  heat and electricity, hence its w idespread use in electrical wiring. Other uses  
include water piping, stills, roofing material, kitchenware, and chem ical equipment. 
N otab le a lloys o f  copper include bronze (w ith  tin) and brass (w ith  zinc). Copper salts 
are used  as fungicides and also as growth prom oters in anim al (sw ine and poultry) 
feed [13].
E xposure to copper is usually through ingestion, inhalation or skin  contact 
w ith  copper-containing substances [14]. The concentration o f  copper in air ranges 
from  a few  n g /m 3 to about 200 ng/m 3, w h ile  the concentration near copper sm elters 
m ay reach 5 ,000  n g /m 3. The average concentration o f  copper in lakes and rivers is
4 |ig /L , w h ile  slightly  h igher leve ls  m ay be encountered in groundwater. Ingestion  
exposure to copper m ay be increased i f  there are high lev e ls  o f  soluble copper in 
corrosive drinking water, w hich  also flo w s through copper piping and brass water 
fixtures, w ith  leve ls  reaching as h igh  as 1 m g/L. The average daily intake o f  copper 
through eating and drinking is approxim ately 1 m g/day. The M RL data for copper are 
included in  Table 3.1.
Copper is one o f  the several heavy m etals that have essential as w ell as toxic  
properties. It is tox ic  to m any bacteria and viruses, but for plants, copper toxicity  is 
virtually unknown. In hum ans, copper is an essential part o f  several enzym es 
including ferroxidases, cytochrom e oxidase, superoxide dism utase, and amine
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oxidases. E xcess copper ingested  in the diet o f  m an and anim als is usually  
deactivated or elim inated by various b iochem ical m echanism s, thus under normal 
conditions no toxic actions occur. T oxicity  m ay occur i f  one o f  these m echanism s is 
defective [13]. Chronic copper exposure in industry (e .g ., inhalation o f  copper 
fum es), m ay lead to various health effects such as respiratory sym ptom s, 
gastrointestinal disturbances, nervous dysfunctions, and derm atological and 
hem atological changes. The CER C LA  Priority List o f  Hazardous Substances ranks 
copper in 129th position  [6]. Copper lev e ls  in body flu ids and tissue are routinely 
m easured u sing  flam e or graphite furnace atom ic absorption spectrom etry [13],
3.2.3.3 Lead
Lead is a soft m etal having little tensile strength, and is the heaviest o f  the com m on  
m etals excepting gold  and mercury, indeed its name is derived from the Latin 
“plum bum ”, m eaning heavy [15]. It has a m etallic lustre w hen  freshly cut but quickly  
acquires a dull grey colour w hen  exp osed  to air. Its atom ic number is 82, its atom ic 
w eigh t 2 0 7 .2  g /m ol and its electronic configuration [X e ] .4 /4.5d10.6s2.6p2. Lead  
occurs naturally in sm all quantities in the earth’s crust and is present in a variety o f  
com pounds such as lead acetate, lead chloride, lead chrom ate, lead nitrate and lead 
oxid e [16]. Its primary use is in the manufacture o f  batteries, also being used in the 
production o f  m eal products such  as sheet lead, solder, p ipes, and in ceram ic glazes, 
paint, and am m unition. It w as form erly used in the tetraethyl form  for addition to 
petrol to increase the octane rating, until lead additives w ere phased out and 
eventually  banned.
The largest source o f  lead in the atm osphere w as from leaded petrol 
com bustion , but w ith  the prohibition o f  lead in petrol, air lead lev e ls  have decreased  
considerably. Other airborne sources include com bustion o f  solid  w aste, coal, oils, 
em ission s from  iron and steel production and lead sm elters, and tobacco sm oke [16]. 
E xposure to lead can also occur from food  and soil. U ntil 1978, lead-based paints 
w ere com m on ly  used, w ith  flaking paint, paint chips and weathered paint pow der  
being a major source o f  lead exposure. Lead in drinking water is primarily due to the 
presence o f  lead in certain p ipes, solder and fixtures. The C ER CLA Priority List o f  
H azardous Substances ranks lead in 2 nd position, w hich  indicates its h igh risk [6]. 
D eath  from  lead p oison ing  m ay occur in children w ho have b lood  levels greater than
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125 fj,g/dL. Chronic exposure to lead in humans can affect the b lood  causing  
anaem ia. It also affects the nervous system , slow ing nerve conduction  in peripheral 
nerves. Other effects o f  chronic lead exposure include effects on  b lood  pressure, 
kidney function, interference w ith  vitam in D  m etabolism , spontaneous abortion in 
pregnant w om en, lo w  birthweight and im paired mental developm ent in the human  
foetus, and decreased IQ scores in children. The E PA  considers lead as a probable 
hum an carcinogen [16]. From the v iew p oin t o f  occupational and environm ental 
to x ico lo g y  the determ ination o f  lead in b lood  is o f  greatest im portance, since the 
concentration o f  lead in w h ole b lood  is considered  to be the best indicator o f  current 
lead exposure in hum ans and m am m als. The m ost com m only  em ployed  m ethods 
include anodic stripping voltam m etry and flam e or graphite furnace atom ic absorption  
spectrom etry [17],
3.3  D etec tio n  o f  H ea vy  M eta ls
3.3 .1  N o n -E lec tro ch em ica l M eth o d s
Som e o f  the m ost popular non-electrochem ical techniques used in the determination  
o f  h eavy  m etals in sam ples are atom ic absorption spectrom etry (A A S) and inductively  
coupled  plasm a-m ass spectrom etry (IC P-M S), and to a lesser extent, neutron 
activation analysis (N A A ). A  b rief description o f  these techniques and som e o f  their 
m any applications in the m easurem ent o f  various heavy m etals w ill be provided in 
this section.
A tom ic absorption has as its basis the tendency o f  a population o f  unexcited  
atom s to absorb strongly the radiation em itted by excited  atom s o f  the sam e elem ent 
[18], In practice, an atom iser-burner is used to aspirate a fine m ist o f  the sam ple into 
a flam e. T his is the basic technique -  flam e-A A S , w hich  is w idespread and has an 
acceptable lev e l o f  accuracy for m ost analytes. M ost o f  the atom s o f  the sample 
rem ain in their ground states in  the inner cone and are thus available to absorb 
selected  w avelengths o f  radiation from  a suitable source. O ne o f  these w avelengths is 
iso lated  w ith a m onochrom ator; its pow er is m easured w ith a detector. A  relationship  
analogous to the Beer-Lam bert law  exists betw een the pow er o f  this radiation before 
and after interaction w ith  the atom s o f  the sam ple. The m ost popular variation o f
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A A S , w h ich  a llow s for better sen sitiv ity  and more control o f  the chem ical 
environm ent o f  the analyte, invo lves electrotherm al atom isation (also know n as 
graphite furnace), in w hich  sam ples are deposited  in a sm all graphite tube, w hich  is 
then heated to vapourise the sample.
IC P-M S is one o f  the fastest grow ing m ethods for trace elem ent 
determ inations. Its pow er lies in its ability to m easure a w ide variety o f  elem ents at 
lo w  concentrations. The sam ple, w h ich  m ust be in a liquid form, is pum ped at 
1 m L /m in, usually  w ith a peristaltic pum p into a nebulizer, w here it is converted into 
a fine aerosol w ith  argon gas at about 1 L/min. The fine droplets o f  the aerosol, 
w hich  represent on ly  1 -2 % o f  the sam ple, are separated from larger droplets by m eans 
o f  a spray chamber. The fine aerosol then em erges from the ex it tube o f  the spray 
cham ber and is transported into the p lasm a torch v ia  a sam ple injector. O nce the ions 
are produced in the plasm a, they are directed into the m ass spectrom eter v ia  the 
interface region, w h ich  is m aintained at a vacuum  o f  1-2  torr w ith  a m echanical 
roughing pump. This interface region con sists o f  tw o m etallic con es (usually  n ickel), 
each w ith  a sm all orifice (0 .6- 1 .2  m m ) to a llow  the ions to pass through to the ion  
optics, w here they are guided into the m ass separation d evice [19].
A bout 70%  o f  the elem ents have properties suitable for m easurem ent by  
neutron activation analysis. This sen sitive technique invo lves a number o f  steps, as 
fo llow s. W hen a neutron interacts w ith  the target nucleus via  a non-elastic co llision , a 
com pound nucleus form s in an excited  state. The excitation energy o f  the com pound  
nucleus is due to the binding energy o f  the neutron w ith the nucleus. The com pound  
nucleus w ill a lm ost instantaneously d e-excite  into a m ore stable configuration through  
em ission  o f  one or m ore characteristic prompt gam m a rays. In m any cases, this new  
configuration y ield s a radioactive nucleus w hich  also d e-excites (or decays) by  
em ission  o f  one or m ore characteristic delayed gam m a rays, but at a m uch slow er rate 
according to the unique half-life  o f  the radioactive nucleus. D epending upon the 
particular radioactive sp ecies, h a lf-lives can range from  fractions o f  a second to 
several years. In principle, therefore, w ith  respect to the tim e o f  m easurem ent, N A A  
falls into tw o categories: ( 1 ) prom pt gamm a-ray neutron activation analysis, where 
m easurem ents take p lace during irradiation, or (2 ) delayed gam m a-ray neutron  
activation  analysis, where the m easurem ents fo llo w  radioactive decay. The latter 
operational m ode is m ore com m on; thus, w hen one m entions N A A  it is generally  
assum ed that m easurem ent o f  the delayed gam m a rays is intended [20].
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W hile the above m ethods are extrem ely sensitive and offer the possib ility  o f  
detecting a w ide range o f  elem ents, they suffer from certain disadvantages. ICP-M S  
and A A S  can suffer from  plasm a and matrix interferences, respectively . In N A A , if  
the target elem ent has a long half-life, analysis m ay take a considerable amount o f  
tim e. Certainly, one o f  the b iggest drawbacks o f  these techniques is their cost, w hich  
w ill inevitab ly  preclude their use in m any laboratories.
A tom ic absorption spectrom etry is often used in studies to determ ine the 
levels o f  heavy m etals in  the environm ent, or in studies o f  the lev e ls  o f  and hence  
effects o f  heavy m etals in a variety o f  b io log ica l m atrices. One such study involved  
the use o f  A A S  in investigation  o f  the leve ls  o f  Pb, Cu, Mn, Cr, Cd, Zn and H g in the 
hair, b lood  and urine o f  child and adult subjects w ith  alopecia (hair loss o f  unknown  
cause, characterised by round patches o f  com plete baldness) [21]. Electrotherm al - 
A A S  (E T -A A S ) fo llow in g  thermal decom position  o f  proteins in the sam ples was 
em ployed  in the direct determ ination o f  nickel in  human blood serum and urine. The 
lim its o f  detection  w ere 0.2 jag/L for both sam ples, w ith  linear ranges from 0.5 -
2.0 p g /L  and 0.5 -  2.5 pg/L  for serum and urine sam ples, respectively  [22]. The 
leve ls  o f  a num ber o f  heavy m etals in  hum an colostrum  w ere determ ined using ET- 
A A S , fo llo w in g  w et-ash ing  o f  the sam ples. The levels o f  lead, cadm ium , nickel, 
chrom ium , m anganese, copper, zinc and iron in the sam ples w ere found to be 14.6, 
2.8, 2 7 .8 , 8 .6, 43 .2 , 278 , 12.9 and 3.5 jag/L, respectively  [23],
A A S  w as em ployed  to determ ine the role o f  proteins in affecting elem ental 
release from  a variety o f  clin ically  available dental casting alloys by im m ersing the 
alloys in saline or saline-protein  solutions [24], L evels o f  A g, Cu, N i, Pd and Zn were 
m easured based the ratio o f  jig o f  m ass released to square centim etre a lloy  surface 
area exp osed  to solution. The A A S  results show ed that m ore elem ent release 
occurred w hen  the saline solutions contained protein. A A S  w as also used to measure 
Zn, Cu, M n, Cd, N i and A1 in the sw eat sam ples o f  15 healthy subjects [25], The 
m ean sw eat lev e ls  o f  the aforem entioned m etals w ere 358 .1 , 486 .8 , 3 .1 , 1.9, 69 .9  and
15.0 pg/L , respectively , indicating that substantial quantities o f  these trace elem ents 
are excreted  in this manner. E T -A A S w as used in the determ ination o f  cobalt in  
serum  and urine fo llo w in g  sam ple m ineralisation by w et acid d igestion , w ith  the 
procedure providing a detection  lim it o f  0.11 pg/L  cobalt in both m atrices [26], 
A rsenic, lead and m ercury w ere determ ined in m g/L  to pg/L  levels  in environm ental
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and b io log ica l sam ples using flo w  injection  hydride generation and cold  vapour flow  
injection  A A S , w ith  lim its o f  detection o f  1.8, 2 .0 , and 1.5 pg/L , respectively  [27].
A A S  has also found w idespread use in the m easurem ent o f  heavy m etals in 
m atrices other than b io log ica l fluids. It w as used in an investigation  o f  the content o f  
heavy m etals (Cd, Cr, Pb, H g) in food  packaging paper boards, such as those used as 
packaging m aterials for pasta and cereal products, w ith  the results show ing that m ost 
o f  the sam ples contained am ounts higher than those perm itted by the European  
C ouncil [28], F lo w  injection on-line preconcentration and flam e A A S  w ere used in 
the determ ination o f  copper, cadm ium  and lead in marine sedim ent sam ples [29]. 
F ollow ing  preconcentration, sensitiv ity  enhancem ent in the order o f  80, 90 and 60 
tim es, and corresponding detection lim its o f  1.2, 0.6 and 3.0 pg/L  w ere found for Cu, 
Cd and Pb, respectively . Lead w as determ ined in so il sam ples by in -valve solid-phase  
extraction flo w  injection  flam e atom ic absorption spectrom etry [30].
A lthough used to a lesser extent than A A S  in trace h eavy metal 
determ inations, ICP-M S finds w idespread u se in their m easurem ent in a variety o f  
sam ples and matrices. N um erous heavy m etals w ere determ ined in artificial and real 
seawater sam ples using on-line colum n preconcentration inductively coupled-m ass 
spectrom etry [31], In artificial seawater, the detection lim its o f  for exam ple, cobalt, 
nickel, copper and lead, w ere 0 .014 , 0 .029 , 0 .099 , and 0 .007  (-ig/L, respectively . ICP- 
M S coupled to HPLC and in conjunction w ith  an isotope dilution m ass spectrometric 
m ethod, w as developed  for the sim ultaneous determination o f  the com plexes o f  1 1  
heavy m etals w ith  hum ic substances, and w as applied in the analysis o f  brown water, 
ground water, sew age and seepage waters. The detection lim its w ere very low , in the 
5 to 100 ng/L  range [32], O n-site IC P-M S analyses on drinking and vad ose waters at 
a d isused  industrial /  m in ing site revealed several “hot spots” o f  h igh  heavy metal 
concentrations, w ith  m axim um  concentrations o f  for exam ple, 12,000 pg/L  o f  zinc,
126 pg/L  o f  n ickel, and 184 pg/L  lead [33], A n automated on-line sam ple 
pretreatment system  com bin ing m icrow ave d igestion  w ith sam ple preconcentration / 
m atrix separation coupled  w ith  ICP-M S w as used in the determ ination o f  som e heavy  
m etals in  b lood  and serum sam ples [34], L im its o f  detection for Fe, N i, Cu, Zn and 
Pb, w ere 68 , 0 .34 , 3 .5 , 13.4, and 0 .22  pg/L , respectively.
N eutron activation analysis w as em ployed  in determ ination o f  the elem ental 
com position  o f  sedim ent sam ples [35]. The aim  o f  the study w as to determine
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whether less com m on elem ents like the rare earths or the actinides are associated  w ith  
contam inant m etals such as zinc. W hile h igh  concentrations o f  zinc w ere m easured  
(1000  fxg/g), no ev idence o f  any association  betw een the zinc and other potential 
contam inants w as identified. In a study to relate toenail zinc concentrations to the 
risk o f  m yocardial infarction, the average zin c concentration w as found to be
106.0 m g/kg using N A A  [36], Tin w as determ ined in human serum  using neutron  
activation  analysis fo llow in g  dry-ashing o f  the sam ples at levels o f  approxim ately  
0 .50  ng/L  [37],
The above exam ples have revealed , in addition to use o f  atom ic absorption  
spectrom etry, inductively  coupled  p lasm a-m ass spectrom etry and neutron activation  
analysis in  heavy m etal determination, the w id e range o f  sam ples and m atrices in 
w h ich  heavy m etals are found. Each o f  the m entioned techniques perm it the analysis 
o f  a w id e variety o f  elem ents at h igh sensitiv ity , although a sam ple preparation step is 
necessary  w hen  analysing m any m atrices in order to prevent signal interference and 
fou ling  o f  the respective instruments. The next Section  w ill deal w ith  som e o f  the 
m any studies carried out on  heavy m etal detection em ploying electrochem ical 
techniques.
3 .3 .2  E lec tr o ch em ic a l M eth o d s
3.3.2.1 Introduction
Stripping voltam m etric techniques (anodic stripping voltam m etry; A S V  and cathodic 
adsorptive stripping voltam m etry; C A dSV ) have m ade an important contribution to 
fields such as m arine chem istry, food  analysis, so il science and bioanalysis. The 
se lec tiv ity  and extrem ely lo w  detection  lim its have made stripping voltam m etry a 
w id ely  used  technique for trace m etal spéciation and trace m etal distribution  
m easurem ents in a variety o f  sam ple m atrices. A  description o f  these techniques was 
g iven  in S ection  1 .2 .4 .6 , and this w ill be expanded upon in this Section.
H istorically , the m ost popular w orking electrodes for environm ental trace 
m etal analysis have been  the hanging mercury drop electrode (H M D E ) and the 
m ercury film  electrode (M FE). The use o f  mercury electrodes in the determ ination o f  
nitrophenols has been described in the preceding chapter -  a m ore com plete  
description  o f  their application in trace h eavy m etal determ inations w ill be provided
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here. D ue to the aforem entioned disadvantages associated w ith  mercury electrodes 
(see S ection  2 .4 .2 ), a constant search has been underway for m ercury electrode  
substitutes. Other electrode surfaces such as gold  or various carbon substrates have 
been used for electrochem ical m easurem ents o f  trace m etals [38]. Such solid  
electrodes are suitable for the determ ination o f  Cu, H g and Pb, and elem ents w hich  
have oxidation  potentials more p ositive than H g (e .g ., A g, Au, Se and Te). The 
surface o f  these electrodes is often poorly defined and the capacitance current is 
higher than for mercury electrodes. C onsequently, the voltam m etric analysis o f  trace 
m etals w ith  so lid  electrodes is less sen sitive and reproducible com pared w ith the 
H D M E or M FE. In recent years, m uch progress has been m ade in the field  o f  
m icroelectrodes (see  Section  1.3.4 and Chapter 4). Such electrodes m ay have a bare 
or coated surface. S uccessfu l applications o f  trace metal determ ination in natural 
waters have b een  reported for gold  m icroelectrodes, H g plated carbon fibre 
m icroelectrodes, and H g plated iridium m icroelectrodes [38 and references therein]. 
R ecently , as described in the previous chapter, bismuth has been introduced in 
stripping analysis and cathodic electrochem ical detection as a prom ising alternative to 
mercury electrodes.
Further to the descriptions o f  stripping analysis provided in S ection  1 .2 .4 .6, 
som e m ore detail about these techniques is provided here. During A S V  analysis, a 
deposition , or preconcentration step is carried out under conditions o f  forced  
convection , at deposition  potentials approxim ately 0.3 -  0.4 V  m ore negative than the 
reduction potential o f  the m etal. During the deposition  step m etal ions are collected  
in  the m ercury by reduction (to a m etallic state) and am algam ation w ith  the H g, as 
fo llow s:
M"+ +  ne +  H g <->M(Hg) (3 .1)
O nly a sm all fraction o f  the m etal is actually being deposited during the deposition  
step. Rather than am algam s, it is b elieved  that bism uth form s alloys w ith  the target 
heavy m etals [39]. The deposition  is fo llow ed  by a voltam m etric scan towards more 
p o sitiv e  potentials during w hich  the m etal in the H g (or a lloyed  w ith  bism uth) is 
ox id ised  and the current produced is determ ined. The resultant current-potential
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stripping voltam m ogram  provides both quantitative and qualitative inform ation about 
the sam ple being analysed  [38].
Cathodic adsorptive stripping voltam m etry exploits the ability o f  those m etals 
that cannot be determ ined using A S V  to be com plexed  w ith a particular sp ecific  
added ligand, to be adsorbed onto the m ercury (or bism uth) surface and then to be 
stripped o f f  the surface, thus providing quantitative and qualitative inform ation about 
the sam ple under investigation. The form ation o f  the m etal-ligand com plex  is pH  
dependent, h ence a buffer is used to control the pH o f  the sam ple [38], The 
adsorption potential is carefully chosen to be approxim ately 0.1 V  (or m ore) more 
p ositive  than the reduction o f  the m etal-ligand com plex. The potential is then scanned  
in the negative d irection and the resulting current is measured. The current produced  
is the result o f  the reduction o f  a reducible group on  the ligand or o f  the m etal itse lf  in  
the adsorbed com plex. The chosen ligand m ust obey tw o criteria -  the ability to form  
a com plex  w ith  the elem ent o f  interest and electroactivity i.e. the capability to adsorb  
onto the surface o f  the mercury (or bism uth). Figure 3.1 show s the Periodic Table 
w ith  those elem ents that can be determ ined em ploying stripping voltam m etry or 
adsorptive stripping voltam m etry h ighlighted. The target elem ents o f  this study are 
also noted.
H He
Li Be B C N 0 F N e
N a Mg A1 Si P S Cl Ar
K Ca Sc Ti V Cr Mn Fe
*
Co
*
N i
_ * 
Cu Zn Ga Ge A s Se Br Kr
Rb Sr Y Zr N b Mo Tc Ru Rh Pd A g Cd In Sn Sb Te I X e
Cs Ba La H f Ta W Re Os Ir Pt Au H g Tl
*
Pb Bi Po A t Rn
Fr Ra A c Th Pa U Np Pu
1 A dsorptive stripping voltam m etry * Target m etals in this study  
] Stripping voltam m etry
Figure 3.1: Elements measurable by adsorptive stripping voltammetry or stripping  
voltammetry, and target metals o f  this study.
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3.3.2.2 Anodic Stripping Voltammetry
A nodic stripping voltam m etry at a hanging m ercury drop electrode w as em ployed  in 
the sim ultaneous determ ination o f  lead and cadm ium  in TiC^ and titanium  d ioxide  
containing cosm etics (sun-screen products) [40]. Triethanolam ine w as em ployed  to 
rem ove titanium  interference fo llow in g  TiCh acid ic digestion, w ith  a detection  lim it o f
1 |ag/L being ach ieved  for both m etals. The results obtained com pared favourably  
w ith those obtained using E T -A A S. A  range o f  heavy m etals w ere determ ined at 10 '9 
m ol/L  lev e ls  in environm ental m atrices using stripping voltam m etry at a stationary 
m ercury electrode [41]. A  standard addition procedure w as found to im prove the 
resolution o f  the voltam m etric technique. D ifferential pulse stripping voltam m etry in 
various m odes, w ith  a H M D E , w as used  in the direct sim ultaneous determ ination o f  
Cd, Pb, Cu, Sb, B i, Se, Zn, Mn, N i, Co, and Fe in water sam ples [42], L ow  detection  
lim its ranging from  1.1 x  10 ' 10 to 1.05 x  10 '9 m ol/L  w ere found for each elem ent, and 
the m ethod w as applied for the determ ination o f  these elem ents in som e ground water 
sam ples. Selen ium  and lead contents in  m ilk  sam ples w ere quantified em ploying  
differential pu lse cathodic stripping and anodic stripping voltam m etry [43]. 
F ollow ing  w et-d igestion  o f  the sam ples, selen ium  and lead w ere determ ined using the 
m ethod o f  standard additions at leve ls  o f  21.5  -  69 .4  |ag/L and 22.1 -  59 .2  (J-g/L, 
respectively.
A  significant problem  in using m ercury film s is the d ifficu lty in achieving  
reproducible film s. The presence o f  thiocyanate in the mercury film  w as found to 
result in m ore reproducible mercury film s and m ore sensitive determ ination o f  lead  
and cadm ium  in lake waters and certified seaw ater after U V  d igestion  [44], 
E m ploying a very n egative potential o f  - 1 .5  V  resulted in a 10-fold  and 3-fold  
increase in the sen sitiv ity  o f  the procedure for cadm ium  and lead, respectively . A S Y  
at the M FE and H D M E  w as applied in the determ ination o f  trace am ounts o f  lead (0.1 
-  25 (ig/L ), cadm ium  (0 .015  -  0 .44  p.g/L), zinc (0 .07  -  1.06 (J-g/L) and copper (0 .14  -  
0.4  (J-g/L) leached  from  ceram ic plates by 4% acetic acid solution , w ith  the 
concentrations m easured dependent on the kind o f  plate and manufacture [45],
A s m entioned  previously , lead represents a serious threat to hum an health and 
its lev e l in  b lood  is seen  as the best indicator o f  exposure. A n  automated  
electrochem ical m ethod, using flo w  injection analysis w ith  a w all-jet detector, in  
conjunction  w ith  a M FE is described for the m easurem ent o f  lead in b lood  [46],
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E lectrode poison in g  by proteins present in  the b lood  sam ples was suppressed by using  
a Nafion® -m em brane coating, and lead w as m easured at levels o f  0.05 m g/L  w ith  an 
accuracy o f  about 10%. Trace amounts o f  zinc, cadm ium  and lead w ere determ ined  
in  refined beet sugar by differential pulse A S V  at a H M D E  [47], The sam ples were 
digested  and the m etals determined at the 1 0 - 8 0  j_ig/kg level, and the results 
com pared w ith those obtained by E T -A A S. R esu lts obtained using A S V  w ere found  
to sh ow  better accuracy than those o f  E T -A A S m easurem ents. The influence o f  
sam ple pretreatment procedures on the determ ination o f  lead and copper in w in e w as 
assessed  u sing  A S V  at mercury m icroelectrodes [48], Three different procedures 
w ere em ployed  in pretreatment o f  the w in e sam ples; (a) the sam ples w ere added to 
conc. HC1 at pH  1.5, (b) 30%  H2O2 w as added to the sam ples (1:2.5 v /v ) and U V  
irradiation applied for 2 hours, and (c) the w ine p lus conc. HC1 at pH 1.5 w ere U V  
irradiated for 4  hours. The results show ed that the pretreatments ranked b >  c > a, 
w ith  the results obtained using pretreatment (b) being m ore com parable to A A S  
m easurem ent results.
A s m entioned previously, the bism uth film  electrode (B iFE ) w as recently  
introduced in anodic stripping voltam m etry o f  several heavy m etals [49]. The anodic 
stripping voltam m etry perform ance o f  the bism uth film  w as compared w ith  that o f  a 
m ercury film  electrode for the heavy m etals Pb, Cd, Zn and Tl. T he stripping 
voltam m etry m easurem ents o f  |ig /L  quantities o f  the aforem entioned m etals at the 
bism uth film  electrode yield ed  w ell-defined  peaks, along w ith a lo w  background, 
fo llo w in g  short deposition  periods. The B iFE  w as found to exhibit favourable  
stripping behaviour com pared to the M FE w ith particular reference to the 
m easurem ent o f  thallium . The quantitation o f  thallium  in the presence o f  cadm ium  
and lead represents a com m on problem  in stripping voltam m etry at the M FE due to 
overlapping signals. In contrast, these three peaks are w ell-d efin ed  and w ell-  
separated at the B iFE. A  further advantage o f  the BiFE over the M FE is presented  
w ith  regard to the m easurem ent o f  copper [39], The standard potential o f  copper is 
m ore p ositive  than bism uth, unlike those o f  Pb, Cd, Zn and Tl, and its signals are 
often  distorted at the m ercury electrode. W hile a split peak for copper w as observed  
at the B iF E  at lo w  concentrations, a sharp peak w ith a potential approxim ately  
2 10  m V  m ore p ositive  than that o f  bism uth appeared at concentrations >  20 pg/L. 
U p on  increasing the copper concentration, a sim ultaneous decrease in the bism uth
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peak w as observed, reflecting com petition  o f  the electrodeposited  copper and bism uth  
for surface sites. Sim ilar to the M FE, the form ation o f  Cu-Zn interm etallic  
com pounds w as observed at the B iFE, w ith  the problem  being overcom e by the 
addition o f  gallium , w h ich  preferentially form s a Cu-G a interm etallic com pound, 
thereby perm itting quantification o f  zinc.
In a further study on the new ly  introduced bism uth film  electrode, its 
operational parameters w ere studied in order to provide n ew  insights into the 
influence o f  key parameters such as substrate electrode, electrolyte ion ic strength and 
pH, potential scan m ode, temperature and the presence o f  potential interferents on the 
stripping voltam m etry signals o f  trace heavy m etals [50], It w as determ ined that the 
m ost suitable supporting electrode m aterials w ere carbon-based (g lassy  carbon and 
carbon fibre). The optim um  pH range was betw een  4 and 5 for both cadm ium  and 
lead, w h ile  for the sam e tw o elem ents, the m ost suitable supporting electrolyte was 
0.1 m ol/L  acetate buffer. The stripping perform ance o f  cadm ium  and lead w as found  
to be temperature dependent, w ith  the stripping current response increasing alm ost 
linearly w ith  increasing temperature. This w as attributed to increased m ass transport 
and enhanced electrochem ical reaction kinetics. This feature w as also observed in 
further studies o f  the B iFE, in w hich  it w as show n that by elevating the temperature 
during the deposition  step at a heated B iFE, signals for Zn, Cd, and Pb w ere enhanced  
by a factor o f  10 to 16 [51].
The bism uth film  has also been applied to screen-printed electrodes for 
stripping voltam m etry m easurem ents o f  trace lead, w ith  a v iew  to creating d isposable  
“on e-sh ot” decentralised lead testing [52], The m ain difference b etw een  this and the 
aforem entioned applications at the B iFE, w as that this sensor relied on  a preplated  
bism uth film . F o llow in g  10 m inutes o f  deposition , a very lo w  lim it o f  detection  o f  
0.3 |og/L w as achieved. The sensor w as also applied in the m easurem ent o f  lead in a 
drinking water sam ple, w ith  a value o f  1.8 pg/L  obtained using the m ethod o f  
standard additions. In another variation, carbon paste electrodes were bulk-m odified  
w ith  bism uth oxide and applied in the stripping voltam m etry determ ination o f  lead, 
cadm ium  and copper [53]. Z inc and lead lev e ls  in  drinking water sam ples were 
m easured em ploy in g  this electrode, w ith  the results obtained com paring favourably  
w ith  those o f  an A A S  reference method.
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3.3.2.3 Cathodic Adsorptive Stripping Voltammetry and Potentiom etric Stripping
Analysis
Cathodic adsorptive stripping voltam m etry m easurem ent o f  cobalt as its 
d im eth ylg lyoxim e (D M G ) com plex  in connection  to the mercury electrode has been  
know n for approxim ately four decades [54], The structures o f  D M G  and the m etal- 
dim eth ylg lyoxim e com p lex  are show n in Figure 3.2. In the past tw o decades, m uch  
w ork w as carried out on  the determ ination o f  cobalt and nickel as their D M G  
com plexes at m ercury film  electrodes.
HO OH
N N
/
h 3c  c h 3
d im e th y lg ly o x im e
H3C
H MI / \• /  NI / \I /  \
O --------------N N
w
CH,
O
H
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M  = N i or Co
Figure 3.2: Structures o f  (A) DMG and (B) metal-dimethylglyoxime complex.
For exam ple, E sk ilsson  et al. describe the determ ination o f  n ickel and cobalt 
in natural waters and b io log ica l material by reductive chronopotentiom etric stripping 
analysis in a flow  system  [55], The flo w  set-up consisted  o f  a six-w ay va lve system , 
in  w h ich  various solutions w ere pum ped through a thin-layer cell, w ith each solution  
representing a separate step in the procedure, i.e ., (i) mercury film  deposition, (ii) 
adsorption o f  n ickel and cobalt as their D M G  com plexes onto the mercury film  
electrode (iii) reduction o f  the m etals in 5 m ol/L  C aC h, (iv) rem oval o f  the mercury 
film , (v) cleaning o f  the g lassy  carbon electrode w ith  ethanol and (vi) w ith sodium  
hydroxide. The detection  lim its o f  the system  after 60 s deposition w ere 9 and
11 ng/L  for n ickel and cobalt, respectively. R esults obtained in natural waters and 
digested  b io log ica l m aterial w ere in excellen t agreem ent w ith  those obtained using  
A A S . The p ossib ility  o f  m odify ing  a graphite paste electrode w ith D M G  and then
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em ploying this electrode in the potentiom etric stripping determ ination o f  n ickel w as 
also investigated  [56]. In contrast to other m ethods, the electrode w as not polarised  
during the preconcentration step. The preconcentration tim e (under stirring 
conditions) w as found to increase the signal up to tim es o f  3 m inutes, after w hich  no 
appreciable increase in current w as observed. In the potentiom etric stripping step, 
hydrogen peroxide, potassium  persulphate and atm ospheric oxygen  w ere investigated  
as oxidants, w ith  the latter proving to be m ost suitable. The lim it o f  detection  was 
found to be 8.2 pg/L  fo llo w in g  3 m inutes preconcentration, w h ich  is som ew hat higher 
than that achieved  by other authors. H ow ever, the use o f  oxygen  as oxidant obviates 
the need to de-aerate the w orking solution , a step w hich  is generally necessary w hen  
u sing  m ercury electrodes.
A  sim ilar working electrode to that in  the previous exam ple w as em ployed  in 
the sim ultaneous cathodic stripping voltam m etry determ ination o f  H g, Co, N i and Pd 
[57], In order to sim ultaneously  determ ine all four m etal ions, the sam ple solution  
had to be m aintained at pH s betw een  4 and 6 . A s expected , pH 8-9 w as optim um  for 
the m easurem ent o f  cobalt and nickel. The m ethod w as em ployed  in the sim ultaneous 
determ ination o f  each elem ent in hum an hair, tea and rice sam ples. The application o f  
the rotating d isc M FE for square-w ave adsorptive stripping voltam m etry o f  cobalt and 
n ickel w as show n to provide extrem ely low  lim its o f  detection  o f  12 ng/L  and 14 ng/L  
for each m etal, respectively  [58]. The m ethod w as applied to the m easurem ent o f  
n ickel and cobalt in a high-purity iron reference sam ple and in a laboratory-prepared  
standard. The results w ere com parable to the certified values (iron sam ple) and the 
added am ounts (laboratory-prepared sam ple), reflecting the accuracy o f  the m ethod. 
A  constant current potentiom etry m ethod w as optim ised  for cobalt and n ickel and the 
m ethod tested  against reference values for both m etals in  so il and b io log ica l sam ples 
[59 ,60], This m ethod, like those previously described, em ployed  a m ercury film  
electrode. A  certain disadvantage o f  this technique involved  the n ecessity  o f  
rem oving the w orking so lution  after every three m easurem ents and replacing it w ith  
the m ercury plating so lution  for at least one m inute in order to regenerate the MFE. 
F ollow in g  optim isation  o f  parameters such as D M G  concentration, buffer 
com position , deposition  tim e and adsorption tim e, the m ethod w as su ccessfu lly  
applied in the m easurem ent o f  both heavy m etals in industrial solutions, m ussels, 
algae and standard reference m aterials [59].
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T w o procedures w ere investigated  to m easure nickel in zinc plant electrolyte  
as its D M G  com plex  at a hanging m ercury drop electrode [61]. The first w as an on­
line m ethod w hich  utilised in situ matrix exchange in order to m in im ise interferences 
found from variable cobalt concentrations and large ex cesses  o f  zinc. W hile this 
m ethod w as suitable for continuous m onitoring o f  leve ls  o f  n ickel dow n to 60  (ig/L, in 
highly  pure electrolyte, w here n ickel concentrations do not affect the refining process, 
a second , m ore sensitive o ff-lin e  procedure w as necessary. H ere, fo llo w in g  a nickel- 
D M G  solvent-extraction  schem e to rem ove interference from  zinc, n ickel w as 
m easured by A dSV  at leve ls  dow n to 1 fJ.g/L. D ifferential pulse A d S V  w as used to 
determ ine nickel and alum inium  concentrations in electrolyser cell liquors (solutions  
o f  N aC l and KC1 brines and N aO H  and KOH solutions o f  various concentrations) 
[61]. N ick e l w as com plexed  w ith  D M G  and alum inium  w ith 1,2-dihydroxyanthro- 
quinone-3-su lphonic acid. F o llow ing  60 s and 30 s o f  accum ulation, the lim its o f  
detection  w ere 0.1 fJ.g/L and 0.2 jag/L, respectively . A s is com m on w ith  mercury 
electrodes, it w as necessary to rem ove interference from free chlorine prior to 
analysis. This w as accom plished  using hydrazinium  sulphate.
N i and Co w ere determ ined sim ultaneously by m eans o f  C A dSV  at a M FE in  
connection  w ith  a com puterised flo w  injection  system  [63], In this study, the cleaning  
and regeneration o f  the M FE is described in detail. This step is necessary after 
prolonged u se o f  an M FE, as surface active com pounds b ecom e adsorbed on the 
active mercury surface, resulting in fou ling  o f  the surface over tim e. After each  
m easurem ent, the mercury film  w as reactivated by polarisation at - 1 .4  V  for 40 to 
60 s in a flow in g  stream o f  am m onia solution. This procedure w as deem ed to be 
advantageous to the plating o f  a new  mercury film  before each m easurem ent as the 
“b etw een -film ” reproducibility for the N i and Co stripping peaks w as very poor. The 
proposed m ethod o f  film  cleaning /  regeneration resulted in a m uch low er “w ithin- 
film ” uncertainty. T he m ethod w as applied in the m easurem ent o f  cobalt and nickel 
in a standard reference material o f  h igh  purity iron and the results com pared w ell w ith  
the stated certified contents.
N ick el w as determ ined voltam m etrically in natural waters as its D M G  
com p lex  at a mercury drop electrode [64], In order to elim inate potential interference 
from  surfactants present in natural waters, h igh negative deposition  potentials o f  -  
1.35 V  or -1 .6 5  V  w ere applied. A pplication  o f  such potentials increases the
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effic ien cy  o f  the n ickel deposition, probably due to a sim ultaneous reduction o f  the 
hydrogen ions on  N i clusters form ed on  the mercury surface. F o llow ing  120 s 
deposition  at -1 .3 5  V , the lim it o f  detection  w as found to be 2 x  10 ' 10 m ol/L  
(0 .012  |ig /L ). A  recent publication describes a continuous flo w  system  for 
sim ultaneous determ ination o f  heavy m etals (Zn, Cd, Pb, Cu, N i, Co, Cr) in river 
water sam ples [65]. The flo w  system  consisted  o f  a mercury film  electrode in the 
w all-jet configuration w ith  a six-w ay va lve system . In order to su ccessfu lly  
determ ine each  elem ent, different solutions o f  appropriate com position  i.e . cleaning  
solutions and different electrolytes /  so lu tions containing an appropriate com plexing  
agent ( i f  necessary) and mercury. U sin g  potentiom etric stripping analysis, lim its o f  
detection  in the 0.01 to 0.11 (j,g/L range w ere obtained and the m ethod was 
su ccessfu lly  used  in the m easurem ent o f  these heavy m etals in river water. The 
results also com pared favourably w ith  those obtained using an IC P-M S procedure.
In an article published by W ang et al., the first application o f  the bism uth film  
electrode in adsorptive stripping voltam m etry o f  n ickel w as described [66], A gain, 
the bism uth film  electrode show ed great prom ise for the replacem ent o f  tox ic  mercury 
electrodes. The perform ance o f  the B iFE  in C A dSV  o f  n ickel com pared favourably  
w ith  that o f  the M FE, w ith  the added advantage o f  y ield ing  w ell-d efin ed  signals even  
in the presence o f  d isso lved  oxygen . The operating parameters for m easurem ent o f  
trace n ickel at the B iFE  w ere sim ilar to those required for m ercury electrodes, for 
exam ple, adsorption o f  n ickel at the B iFE  as its d im ethylg lyoxim e com plex  at 
alkaline pH  at negative potentials. The scope o f  this work w ill be further expanded in  
this work, w ith  results show n for the determ ination o f  cobalt and a m ixture o f  cobalt 
and n ickel as their D M G  com plexes at the BiFE.
D ifferent electrode system s /  com plexing  agents have also been used  in the 
determ ination o f  n ickel and cobalt. In one such m ethod, n ickel- and cobalt-xanthate 
(potassium  propyl xanthate) w ere adsorptively accum ulated on a hanging mercury 
electrode fo llo w in g  extraction into m ethyl isobutyl ketone [67], F o llow ing  
optim isation  o f  the parameters o f  the procedure, N i and Co w ere determ ined in soils  
and leafy  vegetab les, w ith  a low er detection  lim it o f  0.35 |ig /L  and 0 .30  |ig /L , 
respectively . A  carbon paste electrode m odified  w ith a H + ion  exchanger w as used to 
determ ine n ickel by anodic adsorptive stripping voltam m etry [68], The procedure 
in v o lv ed  a pre-concentration step at open  circuit conditions, fo llo w ed  by a deposition
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step and finally  stripping o f  the m etals from  the surface. For 12 m inutes o f  
accum ulation and 5 m inutes o f  deposition , the detection lim it w as 0 .005  pg/L  at a 
linear potential scan o f  2 00  m Y /s. The m ethod w as applied for m easurem ent o f  
nickel in  tap and mineral water and the results com pared favourably w ith those  
obtained by ICP-A ES.
A dsorptive stripping voltam m etry has also been applied in the m easurem ent o f  
elem ents other than n ickel and cobalt. S om e exam ples are presented here. Iridium- 
based m ercury electrodes were show n to be suitable for the determ ination o f  
chrom ium  and uranium in the presence o f  D T P A  and propyl gallate com plexing  
agents [69], F o llow ing  10 m inutes accum ulation, detection lim its o f  0.4 pg/L  
uranium and 0.5 pg/L  chrom ium  w ere obtained. A n electrochem ical “clean ing” step  
w as applied to rem ove the adsorbed m etal chelate at the end o f  each measurement, 
w h ich  provided excellen t reproducibility over a prolonged period. Trace amounts o f  
copper w ere determ ined by C A dSV , based on a procedure in vo lv in g  adsorptive 
accum ulation o f  the copper as its A lizarin  Red A  com plex on a H D M E  [70], 
F ollow in g  accum ulation o f  the com plex  for 60 s, the lim it o f  detection  w as 0.05 pg/L. 
The sam e author proposed a m ethod for the selective catalytic adsorptive stripping 
voltam m etry o f  cobalt as its m ethyl thym ol blue com plex  on the surface o f  a hanging  
m ercury drop electrode [71]. The reduction current w as enhanced catalytically  by  the 
addition o f  nitrite, w ith  a detection lim it o f  0 .005 pg/L  obtained fo llo w in g  an 
accum ulation tim e o f  60 s. Such a catalytic effect o f  nitrite on the determ ination o f  
cobalt as its D M G  com plex  at a m ercury electrode has been reported [72], A  
laboratory m ade chelating agent, 2 -m ercapto-5-p hen il-am in o-l,3 ,4-th iad iazole, was 
used  in A d S V  o f  cadm ium  on a m ercury drop electrode [73]. A  lim it o f  detection o f  
4 .6 7  x  10"10 m ol/L  (~  0.05 pg/L ) o f  cadm ium  w as obtained under optim ised  
conditions. Copper w as se lec tiv e ly  accum ulated on a H M D E  as its 2- 
m ercaptobenzim idazole com plex and the stripping step carried out using differential 
pulse voltam m etry [74],
From  the b rief literature rev iew  g iven  above, it is evident that there is an on­
going  search for even  m ore selective, sensitive and convenient m ethods for the 
determ ination o f  the tox ic heavy m etals. W hile ICP-M S, A A S  and N A A  provide  
excellen t sensitiv ity  over a w ide range o f  elem ents, stripping voltam m etry exhibits 
equal i f  not better sensitiv ity  for m any elem ents and the possib ility  o f  m easuring a
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w id e range o f  m etals using instrum entation that costs a fraction o f  the above 
techniques. A lthough  the toxic m ercury film  and hanging m ercury drop electrodes 
continue to be used  by m any laboratories, their use in others is extrem ely lim ited  or 
even  prohibited. The recent introduction o f  the bism uth film  electrode has opened  
n ew  p ossib ilities for stripping detection  o f  heavy m etals in  anodic stripping and 
cathodic adsorptive stripping voltam m etric m odes. The reader is referred to Sections
2.5 and 3 .3 .2  for a description o f  the bism uth film  electrode and its applications.
3.4 Adsorptive Stripping Voltammetry and Potentiometrie Strippins 
Analysis of Trace Cobalt and Nickel in Some Low-Volume Body 
Fluids
3.4.1 Experimental
3.4.1.1 Apparatus
V oltam m etric (cyclic: C V , linear sw eep: L SV , differential pulse: D P V , square wave: 
S W V , and sam pled DC: SD C ) and potentiom etric stripping analysis (PSA ) 
m easurem ents w ere perform ed using a m odular electrochem ical system  (A utolab, Eco 
C hem ie, The N etherlands), equipped w ith  a potentiostat P ST A T 10 and driven by  
G PES 4.8  softw are (E co Chem ie). For all voltam m etric and potentiom etric  
experim ents, a bare or (m ercury or bism uth coated) glassy-carbon disk (2 m m  in 
diam eter) served as the w orking electrode, w ith  an A g/A gC l(satd . KC1) and a 
platinum  co il acting as the reference and auxiliary electrodes, respectively . A ll 
m easurem ents w ere perform ed in a 20 m L or 5 mL electrochem ical ce ll, w h ich  w as 
placed  in a laboratory-m ade Faraday cage. A ll experim ents w ere perform ed at room  
temperature (23 ±  2 °C). M easurem ents w ere carried out in non-deaerated solutions. 
A ll potentials in  this w ork are referred to A g/A gC l(satd . KC1) as reference.
3.4.1.2 Reagents and Solutions
T he bism uth(III), cobalt(II) and n ickel(II) stock solutions (1000  m g/L  in 5 wt.%  
IIN O 3), am m onia solution  (25% ), am m onium  chloride, and d im eth ylg lyoxim e were
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supplied by M erck (Darmstadt, G erm any), w h ile  sodium  acetate and acetic acid w ere 
supplied by K em ika (Zagreb, Croatia). Lactic acid sodium  salt w as obtained from  
Fluka (Sw itzerland). A ll chem icals em ployed  in this w ork w ere o f  analytical grade 
purity and used  as received . Water used to prepare all solutions throughout the work  
w as first deion ised  and then further purified v ia  a M illi-Q  unit (M illipore, Bedford, 
U S A ). A cetate buffer solution  (0.1 m ol/L , pH  4 .5) w as prepared by m ixing  
appropriate am ounts o f  acetic acid and sodium  acetate, w h ile  am m onia buffer solution  
(0.01 m ol/L , pH  9 .2) w as m ade using am m onia solution  (25% ) and am m onium  
acetate. D M G  w as m ade 0.01 m ol/L  in 95%  ethanol. Synthetic sw eat adjusted to a 
pH o f  6.5 w ith  25 % am m onia solution, w as prepared w ith 0.5 % N aC l, 0.1 % lactic  
acid sodium  salt and 0.1 %  urea [75]. A rtificial saliva (pH 6.7) w as prepared using
5.3 x  10 '5 m ol/L  K SC N , 1.5 x  10 '2 m ol/L  N a H C 0 3, 2 x  10 '2 m ol/L  KC1, 1.4 x  10 '3 
m ol/L  N aH 2P04  and 1 x  10 '2 m ol/L  lactic acid sodium  salt [76]. N ick el w as extracted  
from  so il using doubly d istilled  water and acid ified  to pH 2 w ith  nitric acid. The 
h eavy m etals (in  S ection  3 .7) w ere extracted from  the so il sam ples using 0.1 m ol/L  
H N O 3 using the “end-over-end” shaking extraction technique. I f  required, w orking  
solutions w ere adjusted to alkaline pH w ith  25 % am m onia solution.
3.4.1.3 Preparation o f  GCE, M F E  and B iFE
B efore use, the g lassy  carbon electrode (G C E), w h ich  served as either the w orking or 
the supporting electrode for all experim ents, w as thoroughly polished  w ith  0.05 )j.m 
alum ina pow der on  a polish ing  pad. The electrode w as then rinsed thoroughly w ith  
M illi-Q  water and p laced in a sonicator for tw o m inutes. It w as then ready to use. 
For preparation o f  the B iFE, the electrode w as p laced  in 0.1 m ol/L  acetate buffer, pH
4.5 containing 100 m g/L  Bi(III) ions, w hereupon a potential o f -1 .0  V  w as applied for 
5 m inutes under stirring conditions. After m odification  and rinsing in  water, the 
electrode w as ready to use. The mercury film  electrode w as prepared in a similar 
manner. The p o lish ed  g lassy  carbon substrate electrode w as p laced in a 0.1 M  HC1 
so lution  contain ing 100 m g/L  H g(II) ions and a potential o f - 0 .6  V  applied for 8 
m inutes, according to a previously  reported procedure [66],
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3.4.1.4 Procedures
A ll potentiom etric and voltam m etric m easurem ents w ere carried out in 0.01 m ol/L  
am m onia buffer solution , pH 9.2, containing either 1 x  10"5 or 5 x  10"5 m ol/L  
dim eth ylg lyoxim e as com plexing agent, u n less otherw ise stated. A  deposition  
potential o f  - 0 .7  V  w as applied in all m easurem ents, unless otherw ise stated. During  
the deposition  step, the solution w as stirred and fo llow in g  1 5 s  equilibration tim e, the 
voltam m ogram  or potentiogram  w ere recorded by applying a negative-go in g  potential 
scan or a reductive constant current, respectively . W here different stripping m odes or 
conditions w ere em ployed , the appropriate conditions w ill be provided in the text.
3 .5  R esu lts  a n d  D iscu ssion
3.5.1 Comparison of BiFE with GCE and MFE for Cobalt
Figure 3.3 com pares the adsorptive stripping voltam m etric responses o f  the bare 
glassy carbon, m ercury film  and bism uth film  electrodes to 20  jag/L cobalt fo llow in g  
90 s accum ulation  from  non-deaerated solutions. The corresponding data are show n  
in T able 3.2. A s expected , no response w as observed at the bare g lassy  carbon  
electrode. The process at approxim ately -0 .8  V  in both the blank and sam ple 
solutions w as attributed to oxygen  reduction. H ydrogen evolution  w as observed at 
potentials above approxim ately -1  V , as expected  at the bare g lassy  carbon electrode. 
The response at the m ercury film  electrode is characterised by a typ ica lly  high  
contribution from  oxygen , occurring at - 1  V  and - 0 .9  V  in the blank and sam ple 
solutions, respectively . For this reason, it is necessary to carry out deoxygenation  o f  
all so lutions w hen  em ploying  such electrodes, and also to m aintain a blanket o f  
nitrogen or argon over the w orking solution  during m easurem ents. In stark contrast, 
the bism uth film  electrode displays a w ell-d efin ed  and sharp stripping peak, even  in  
oxygen -contain ing  solution . This is possib ly  attributed to slow er reaction k inetics for 
oxygen  reduction at the B iFE. In addition, it is also o f  interest to note the similar 
behaviour o f  both  the B iFE  and M FE regarding the com m encem ent o f  hydrogen  
reduction at approxim ately —1.2 V . O verall, Figure 3.3 and Table 3.2 indicate that the 
adsorptive stripping behaviour o f  the bism uth film  electrode for determ ination o f  
cobalt com pares favourably w ith  and even  surpasses that o f  the m ercury film
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electrode. The signal at the BiFE is alm ost tw ice as high as that at the M FE, w h ile  the 
BiFE isn ’t susceptib le to oxygen  interference.
-3  ------ ------- -------------- -*-------1--------------
-0 .8  -1 -1 .2  -1 .4
Potential / V vs. Ag/AgCI
-0 .7 5  -0 .9 5  -1 .1 5  -1 .3 5  -0 .8  -1 -1 .2  -1 .4
Potential / V vs. Ag/AgCI Potential / V vs. Ag/AgCI
Figure 3.3: Linear sweep voltammograms obtained at the hare GCE (A), MFE (B) 
and BiFE (C); solutions: (a) blank solution o f  0.01 mol/L ammonia buffer (pH 9.2) 
containing 1 x 10'' mol/L DMG, and (b) a  + 20 fig/L cobalt; accumulation 
conditions: -0.7  V fo r  90 s; scan rate: 50 mV/s; initial and final potential: - 0 .7  V and 
-1 .4  V (-1 .3  Vfor A).
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Electrode Surface Peak Potential /  V Peak Current//uA W1/2/m V
BiFE -1 .123 5.21 50
MFE -1 .103 2.88 40
Table 3.2: Comparison o f  BiFE and MFE fo r  measurement o f  20 jjg/L cobalt. 
Conditions as in Figure 3.3.
3.5.2 Comparison of BiFE with MFE for Cobalt and Nickel
A s the bism uth film  w as proven to be suitable for trace cobalt (above) and n ickel 
detection  [66], it w as decided to investigate their sim ultaneous m easurem ent at the 
bism uth film  electrode. The results o f  this experim ent are d isp layed in Figure 3.4, 
w h ich  com pares the response o f  the bare g lassy  carbon, mercury film  and bism uth  
film  electrodes to a so lution  containing 20  (j.g/L each  o f  cobalt and nickel. A gain , as 
expected , the response o f  the GC electrode w as poor, although a sm all peak, possib ly  
attributable to n ickel, w as observed at approxim ately -1 .1  V . Sim ilar to the above  
results regarding the adsorptive stripping m easurem ent o f  cobalt, both the M FE and 
B iF E  disp lay w ell-d efin ed  and w ell-separated  stripping peaks for both cobalt and 
n ickel (AEP =  91 m V  for both). The M FE again show ed typical interference from  
o x y g en  present in the m easurem ent solution. In contrast the background at the BiFE  
is  alm ost flat.
The behaviour o f  the bism uth film  electrode and mercury film  electrode  
regarding the individual elem ents in the sam ple is considerably different. A t the 
B iF E , the peak currents for both cobalt and n ickel are quite similar in m agnitude. At 
the M FE, the signal for n ickel is over 2-fo ld  higher than that o f  cobalt. Sim ilar 
behaviour has been  reported in previous studies [59 and reference therein]. It w as 
sh ow n  that upon increasing the D M G  concentration from 2.5 x  10 '5 m ol/L  to 10 ’3 
m ol/L , the cobalt peak  increased w h ile  the peak for n ickel reached a m axim um  at 
approxim ately 10 '4 m ol/L . This behaviour is  probably due to m ore favourable 
form ation o f  the n ickel-D M G  com plex  and hence its greater adsorption on the 
m ercury surface. Increasing the concentration o f  d im ethylglyoxim e appears to result 
in  m ore favourable com plexation  / adsorption for cobalt. R egarding the results 
featured here, it is expected  that the n ickel and cobalt peaks w ould  be m ore sim ilar in 
m agnitude to each  other at higher D M G  concentrations. A dsorption  o f  both
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com plexes on  the surface o f  the B iFE appears to be equally favourable, as evidenced  
by the sim ilarity in  the peaks. This feature suggests a p ossib le advantage over the 
M FE as regards the m easurem ent o f  each heavy m etal in  the presence o f  an ex cess  o f  
the other. Table 3.3 sh ow s the results obtained for the M FE and B iFE.
Potential / V vs. Ag/AgCI Potential / V vs. Ag/AgCl
Potential / V vs. Ag/AgCl
Figure 3.4: Linear sweep voltammograms obtained at the bare GCE (A), MFE (B) 
and BiFE (C); solutions: (a) blank solution o f  0.01 mol/L ammonia buffer (pH 9.2) 
containing 1 x 10~5 mol/L DMG, and (b) a + 20 fj.g/L cobalt and 20 ¡ug/L nickel; other 
conditions as in Figure 3.3.
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Electrode Surface Peak Potential /  V Peak Current /  ¡jA Wi/2 /m V
B iF E : N i/C o -1 .012  /  -1 .103 3 .4 0 /3 .6 9 5 0 / 5 0
M F E : N i/C o -1 .032  / -1 .123 6 .2 0 /2 .5 5 4 0 / 4 0
Table 3.3: Comparison o f  BiFE and MFE fo r  measurement o f  20 /ug/L cobalt. 
Conditions as in Figure 3.4.
3 .5 .3  O p tim isa tio n  o f  th e  B ism u th  F ilm  E lectro d e
F ollow in g  establishm ent o f  the suitability o f  the B iFE  for the m easurem ent o f  trace 
am ounts o f  cobalt and nickel, som e important experim ental parameters w ere 
optim ised. The procedure for trace m easurem ent o f  cobalt and n ickel w as m odelled  
on that o f  W ang et al. [66], H ere, the bism uth film  deposition  conditions were 
application o f  a potential o f -1 .0  V  for 8 m inutes using a plating solution  com posed  o f  
100 m g/L  Bi(III) ions in 0.1 m ol/L  acetate buffer, pH  4.5. W hile this provided a 
suitable film  for determ ination o f  n ickel, it w as decided to investigate whether  
application o f  a different film  w ould  provide m ore optim al conditions for trace 
m easurem ent o f  cobalt. A s 0.1 m ol/L  acetate buffer w as previously found to be 
optim um  for in situ deposition  o f  the bism uth film  electrode [50], it w as decided to  
investigate the effect o f  b ism uth deposition  tim e on the response for cobalt.
The bism uth film  w as deposited  from  100 m g/L  Bi(III) in  0.1 m ol/L  acetate 
buffer pH  4.5 for 1, 3, 5, 7 and 10 m inutes. Cobalt w as added in (j,g/L quantities to a 
working solution  o f  0.01 m ol/L  am m onia buffer containing 1 x 1 0 "  m ol/L  D M G , and 
the slope from the resulting graph used  to determ ine the optim um  plating tim e. The 
correlation coeffic ien ts (r) in each case w ere greater than 0 .992 . In addition, the 
signal for 20 jag/L cobalt w as plotted against the deposition  tim e to obtain further 
inform ation about the optim um  plating tim e. Figure 3.5 (A  and B ) show s the results 
obtained in this optim isation  procedure. From these results it can be clearly seen  that
5 m inutes deposition  tim e provides the optim um  response for m easurem ent o f  trace 
cobalt. From  Figure 3.5 A , it is evident that 1 and 3 m inutes deposition  tim e do not 
provide an adequate am ount o f  bism uth for adsorptive accum ulation o f  the cobalt- 
dim eth ylg lyoxim e com plex , as the slopes o f  the response are lo w  (0 .14  |xA -L/|ig and 
0 .19  (j,A-L/(j,g, respectively). U se  o f  5 m inutes as the deposition  tim e provided the 
optim um  response, w ith  the h ighest slope being attained (0 .83 (iA 'L /|ig ). A lthough
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the signals w ere still quite high, a decrease in current response for cobalt w as 
observed at longer deposition  tim es o f  7  and 10 m inutes (slop e =  0 .68 |.iA-L/j.ig for 
each tim e). This could  p ossib ly  be attributed to the form ation o f  a “too  th ick” 
bism uth film  w ith  low er conductivity, thus resulting in slightly  low er current signals. 
A gain , from  Figure 3.5 B , it is evident that 5 m inutes o f  b ism uth film  deposition  
provided the optim um  conditions for trace cobalt m easurem ent as the current vs. 
d eposition  tim e curve is observed to increase substantially up to 5 m inutes and to 
decrease after this tim e. H ence, in  all further m easurem ents, a bism uth deposition  
tim e o f  5 m inutes w as em ployed.
20 40
Concentration / |ig/L
2 4 6 8 10
Deposition Time / min
Figure 3.5: (A) Effect o f  bismuth film  deposition times o f  1 (a), 3 (b), 5 (c), 7 (d) and 
10 (e) minutes upon the adsorptive stripping voltammetric response o f  increasing 
additions o f  cobalt and (B) Effect o f  bismuth deposition time on the adsorptive 
stripping voltammetric response o f  20 /ug/L cobalt; solutions: 0.01 mol/L ammonia 
buffer (pH 9.2) containing 1 x 10'3 mol/L DMG; accumulation conditions: -0 .7  Vfor 
60 s.
3.5.4 Optimisation of Parameters for Trace Measurement of Cobalt
The conditions for determ ining cobalt (and n ickel) as its D M G  com plex on  mercury 
electrodes by  adsorptive stripping analysis have been  optim ised  previously. A lthough
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the B iFE  has show n consistently to be sim ilar in behaviour to these mercury 
electrodes, it w as necessary to optim ise the sam e conditions, as the B iF E  is still a 
relatively n ew  and incom pletely  investigated  electrode surface. H ence, som e  
optim isation  procedures w ere carried out in this work. The determ ination o f  cobalt by  
C A dSV  o f  its D M G  com plex  is threatened by interferences unless the solution  pH is 
properly adjusted. A  pH  9.2  am m onia-am m onium  chloride m edium  has been show n  
to be the best ch oice w hen  em ploying mercury electrodes [59], It has also been  
show n to be suitable w hen  em ploying C A dSV  at the bism uth film  electrode [66], The 
appropriate ch o ice  o f  am m onia buffer concentration is a critical point in 
determ inations (esp ecia lly  sim ultaneous) o f  cobalt and nickel by adsorptive stripping, 
since it affects peak resolution, and m oreover its contam ination by n ickel is in m ost 
cases the major source o f  a n ickel blank signal [59], This last fact m akes it desirable  
to operate w ith  a m inim um  buffer concentration, but it cannot be decreased to a point 
w here pH  control o f  the solution  becom es im p ossib le during the experim ent. In other 
w orks, at both M FE and B iFE, the appropriate buffer concentration w as 0.01 m ol/L  
[59 ,66], H ence, it w as decided to em ploy  the sam e buffer com position  and pH  in  
these m easurem ents.
The in fluence o f  D M G  concentration w as checked  in the range 1 x  10"5 m ol/L  
to 1.4 x  10' m ol/L  on  a sam ple containing 35 |xg/L cobalt in  0.01 m ol/L  am m onia  
buffer solution  pH  9.2. A s show n in Figure 3 .6 , the peak height o f  the cobalt signal 
increases considerably w ith  increasing D M G  concentration, reflecting the effic ien cy  
o f  the com plexation  /  adsorption process. The increase o f  the cobalt peak height w ith  
increasing concentrations o f  D M G  is consistent w ith  previous results [59]. The  
current increases alm ost linearly from  1 -  10 x  10"5 m ol/L , w ith  the increase slow ing  
at h igher concentrations. A b ove a D M G  concentration o f  1 x  10 '3 m ol/L , the current 
response o f  cobalt w as observed to plateau. This is probably due to saturation o f  the 
electrode surface w ith  the cobalt-D M G  com plex. The cobalt peak w idth  w as also  
observed to increase upon increasing the concentration o f  D M G , for exam ple from
C T
50 m V  at 1 x  10" m ol/L  to 80 m V  at 1 x  10' m ol/L . This increase in peak w idth is 
ind icative o f  som e change in  the reversibility o f  the reaction, p ossib ly  due to the 
increased tim e required for stripping o f  the cobalt-D M G  com plex  from  the electrode  
surface.
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From Figure 3.6, it is evident that at h igh ratios o f  D M G  to cobalt a large 
signal is obtained for cobalt. H ow ever, it w as deem ed im practical to em ploy  such  
high  concentrations o f  D M G  as it w as d ifficu lt to p o lish  the g lassy  carbon substrate 
electrode fo llo w in g  such m easurem ents. A lso , low er concentrations still provided  
excellen t current signals. H ence, in  subsequent m easurem ents, a D M G  concentration  
o f  1 x  10 '5 or 5 x  10~5 m ol/L  w as em ployed.
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Figure 3.6: Influence o f  DMG concentration on the adsorptive stripping voltammetric 
response o f  35 fig /I cobalt in 0.01 mol/L ammonia buffer (pH 9.2); accumulation 
conditions: - 0 .7  Vfor 60 s.
Subsequently, som e important operating parameters w ere investigated. The 
first o f  these w as the effec t o f  the deposition  potential on  the adsorption o f  the cobalt- 
d im eth ylg lyox im e com plex . The results o f  this investigation  are show n in Figure 3.7. 
The d eposition  potential w as varied from  - 0 .4  V  to -0 .9  V  in 0.1 V  increm ents in a 
so lution  containing 20  pg/L  cobalt. The adsorption o f  the C o-D M G  com plex  
increased rapidly as the potential w as increased from  - 0 .4  to - 0 .6  V , and m ore slow ly  
from  - 0 .6  V  to - 0 .9  V . C obalt-D M G  has been reported to adsorb on the surface o f  a 
m ercury film  electrode as a p ositive ly  charged sp ecies [58]. A s a result, the
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adsorption o f  the C o-D M G  is m ore favoured at m ore negative potentials. C onsidering  
the sim ilarity in behaviour here, it is assum ed that the C o-D M G  com plex  is also  
adsorbed as a p ositive ly  charged sp ecies at the BiFE. In further m easurem ents, a 
d eposition  potential o f  -0 .7  V  w as em ployed . This is also in agreem ent w ith  other 
previously  reported studies [58,66],
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Figure 3 .7: Influence o f  the adsorption potential on the peak current o f  20 /J.g/L 
cobalt in 0.01 mol/L ammonia buffer (pH 9.2) containing 1 x 10'5 mol/L DMG; 
accumulation time: 60 s.
T he n ext experim ental parameter to be investigated  w as the accum ulation  
tim e. The effect o f  increasing the accum ulation tim e from 0 to 120 s on the signal for 
10 f-ig/L cobalt is show n in Figure 3 .8 . A s expected  for adsorptive stripping 
experim ents, the response o f  the bism uth film  electrode increases rapidly w ith  the 
accum ulation  tim e. The response o f  a surface-confined sp ecies is directly related to  
its surface concentration, w ith  an adsorption isotherm  (com m only  that o f  Langm uir), 
provid ing a relationship b etw een  the surface and bulk concentrations o f  the adsórbate. 
H ence, calibration curves d isp lay non-linearity at h igh concentrations [77], The 
behaviour observed w h en  increasing the accum ulation tim e is analogous to this i.e. 
non-linearity is observed at higher accum ulation tim es. This is evident in  Figure 3.8
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in  w h ich  a linear increase o f  signal is observed betw een  0 and 60 s (straight line w ith  r 
=  0 .999). H ow ever, betw een  60 s and 120 s, the signal is observed to lev e l off, due to 
saturation o f  the electrode surface. In subsequent experim ents, the accum ulation tim e  
w as varied in  accordance w ith the concentration o f  cobalt (or n ickel) in  the sam ple, 
for exam ple, at low er concentrations h igher accum ulation tim es w ere used.
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Figure 3.8: Influence o f  the adsorption time on the peak current o f  10 ¡Jg/L cobalt in 
0.01 mol/L ammonia buffer (pH 9.2) containing 1 x 10'5 mol/L DMG; accumulation 
potential: - 0 .7  V.
A s m entioned  in earlier sections, constant current potentiom etric stripping analysis 
w as also  em ployed  in  this study. The m ost important operating parameter in this 
m ethod is the stripping current, hen ce its in fluence in  the range - 5  (J.A to - 5 0  |oA on  
the signal for 5 jj,g/L cobalt at the bism uth film  electrode w as investigated . T hese  
results are presented in  Figure 3.9. From  Figure 3.9 A , it is evident that the stripping 
current exerts a considerable effect on  the signal for cobalt, w ith  a stripping current o f  
- 5  |J.A producing by  far the h ighest response for cobalt. B etw een  - 5  and - 1 0  |xA the 
response decreased considerably, w ith  a slow er increase observed b etw een  - 1 0  (iA  
and - 3 0  jjA .  A t stripping currents m ore negative than - 3 0  (iA , the response w as very
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low . W h ile  - 5  |iA  w ou ld  appear to be the optim um  stripping current for all 
m easurem ents, the use o f  such a lo w  current increases the m easurem ent tim e 
considerably. H ence, for m ost experim ents, a com prom ise b etw een  response and 
m easurem ent tim e w as reached by em ploy in g  a stripping current o f - 1 0  jjA .  O nly in  
those instances w here the concentrations m easured w ere extrem ely lo w  (<  1 (J-g/L), 
w as a stripping current o f  - 5  ju,A applied. Figure 3 .9  B sh ow s the stripping 
potentiogram s obtained w ith  stripping currents o f  - 5  fiA  and - 1 0  (jA .  The peaks are 
w ell-d efin ed  and as w ith  voltam m etric m easurem ents, characterised by a lo w  
background current contribution.
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Figure 3.9: (A) Influence o f  stripping current on response o f  5 /ug/L cobalt in 0.01 
mol/L ammonia buffer (pH  9.2) containing 1 x 10~5 mol/L DMG; accumulation 
conditions: - 0.7 V fo r  60 s and (B) Stripping potentiograms o f  5 /ug/L cobalt at (a) - 5  
and (b) -1 0  ¡nA; conditions as in A. * Possible nickel impurity peak.
3.5.5 Investigation of Processes of Co and Co + Ni at BiFE
C yclic  voltam m etry w as em ployed  to provide further insights into the interfacial and 
redox p rocesses o f  the C o-D M G  and N i-D M G  chelates at the bism uth film  electrode. 
Figure 3 .10  d isp lays repetitive cy c lic  voltam m ogram s for 20 fig/L cobalt recorded
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w ithout (A ) and w ith  (B) 60 s accum ulation at - 0 .7  V . In both cases, a w ell-d efin ed  
cathodic peak due to the reduction o f  the chelate w as observed in the first scan. N o  
oxidation  peaks w ere observed upon scanning in the anodic direction. The reduction  
peak fo llo w in g  the accum ulation w as approxim ately 5-fold  larger than that w ith  no 
accum ulation  step. Subsequent scans exh ibited  considerably sm aller cathodic peaks, 
reflecting the desorption o f  the chelate. Sim ilar behaviour w as observed for the 
sim ultaneous m easurem ent o f  cobalt and n ickel at the B iFE, w ith  an increase in the 
cathodic peaks o f  8 and 4  tim es for cobalt and nickel, respectively , fo llo w in g  60 s 
accum ulation at - 0 .7  V . This is show n in  Figure 3 .11.
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Figure 3.10: Repetitive cyclic voltammograms o f  the Co-DMG complex at the BiFE 
fo r  20 jug/L cobalt with (A) 0 s and (B) 60 s accumulation. Other conditions as in 
Figure 3.3.
Further p roof that the process occurring involv in g  C o-D M G  displays 
irreversible behaviour is provided in  Figure 3 .12. In potentiom etric stripping analysis, 
the in fluence o f  stripping current upon the peak potential w as also exam ined. This is 
illustrated in  Figure 3 .12 , in  w h ich  peak potentials are plotted against the applied  
stripping current. It can be clearly seen  that increasing the m agnitude o f  the stripping
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current from  - 5  |oA to - 5 0  jjA  causes a gradual shift o f  the peak potentials in  the 
negative direction from  - 1 .0 6  V  to - 1 .1 9  V . This behaviour suggests the irreversible 
nature o f  the reduction o f  the cobalt-D M G  com plex  [78],
Potential / V vs. Ag/AgCl Potential / V vs. Ag/AgCl
Figure 3.11: Repetitive CVs o f  the Co-DMG complex at the BiFE fo r  20 jUg/L Co and 
Ni with (A) 0 s and (B) 60 s accumulation. Other conditions as in Figure 3.4.
S om e further insights into the redox process o f  the cobalt-D M G  com plex  
occurring at the bism uth film  electrode w ere obtained by observing the change in  
current signal upon altering the scan rate. Figure 3.13 illustrates the results o f  these  
m easurem ents. A s expected , upon increasing the scan  rate in linear sw eep  
voltam m etry, a corresponding increase in the peak current for cobalt w as observed. 
W hen th is increase w as p lotted  as a function o f  the square root o f  the scan rate, a 
linear relationship w as obtained (r =  0 .999). This indicates that w h ile  the 
accum ulation  process is governed by adsorption processes, the stripping process  
in v o lv es  d iffusion.
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Figure 3.12: Influence o f  stripping current on response o f  5 /.ig/L cobalt. Conditions 
as in Figure 3.9.
Figure 3.13: (A) Influence o f  scan rate and (B) influence o f  square root o f  scan rate 
on adsorptive stripping voltammetric response o f  15 /.tg/L cobalt in 0.01 mol/L 
ammonia buffer containing 5 x 1  O'5 mol/L DMG; accumulation conditions: - 0.7  Vfor 
60s.
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3.5.6 Comparison of Stripping Potential Scan Modes for Cobalt Measurement
The adsorptive stripping voltam m etric perform ance o f  cobalt at the bism uth film  
electrode w as com pared by applying fiv e  different sim ple and pulsed  potential ramps. 
The resulting voltam m ogram s are show n in Figure 3 .14  and the corresponding data 
presented in  Table 3.4. From this figure one can clearly see  that each m od e provides 
a sharp and w ell-d efin ed  peak for cobalt. In contrast to the behaviour observed for 
anodic stripping voltam m etry at the in situ prepared B iFE  [49], normal pulse  
voltam m etry provided a distinct signal in  A dSY . Indeed, the signal for cobalt here 
w as the h ighest, but w as accom panied by  a correspondingly h igh  background current 
contribution, due to its specific  excitation  m ode. The responses in the other m odes 
are very  sim ilar (the d ifference in the current betw een  L SV , SW V , D P V  and SDC  
m ay be attributed to the higher scan rates -  50 m V /s for the form er tw o and 25 m V /s  
for the latter tw o). A s found in previous experim ents, the background contribution is 
very lo w  despite the presence o f  d isso lved  oxygen . A lthough  each m ode w as suitable 
for cobalt m easurem ent, L SV  w as em ployed  in m ost o f  the subsequent experim ents.
Technique Peak Potential /  V Peak C u rren t/fiA W1/2/ m V
Linear Sw eep  V oltam m etry -1.103 -9 .78 50
Square-W ave V oltam m etry -1 .105 -10 .4 63
N orm al P ulse V oltam m etry -1 .154 -20.0 73
D ifferent. P u lse V oltam m etry -1.071 -4 .34 59
Sam pled D C  V oltam m etry -1 .086 -4 .02 49
Table 3.4: D ata regarding the voltammograms in Figure 3.14. A ll conditions as in 
Figure 3.14 (below).
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Figure 3.14: Adsorptive stripping voltammograms o f  (a) 0.01 mol/L ammonia buffer 
(pH 9.2) containing 5 x 10~5 mol/L DMG and (b) a + 15 /ug/L Co at BiFE using (A) 
linear sweep (LSV), (B) square wave (SWV), (C) normal pulse (NPV), (D) differential 
pulse (DPV) and (E) sampled D C (SDC) potential scans; accumulation conditions: — 
0.7 V for 60 s; settings: LSV: scan rate 50 mV/s; SWV: frequency 10 Hz, potential 
step 5 mV, pulse amplitude 25 mV; N PV and DPV: pulse duration time 60 ms, 
interval time 0.2 s, potential step 5 mV; SDC: interval time 0.2 s, step potential 5 mV.
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3 .5 .7  C o m p a riso n  o f  S tr ip p in g  P o ten tia l Scan  M o d es  fo r  S im u lta n eo u s  
C o b a lt an d  N ick e l M ea su rem en t
In a sim ilar experim ent to that described in the preceding Section , various 
voltam m etric potential scan m odes w ere com pared for their behaviour towards a 
solution  containing both cobalt and nickel. In addition, the potentiom etric stripping 
analysis m ode w as com pared to that o f  voltam m etry. The results for this are show n in 
Figure 3.15 and the corresponding data show n in Table 3.5. W hile each m ode  
exhibited  w ell-d efin ed  and w ell-separated peaks for cobalt and nickel, am ongst the 
voltam m etric m ethods, L SV  yielded  slightly  better peak resolution than the other 
m odes. H ow ever, it w as observed that P S A  provided the best overall resolution o f  the 
cobalt and nickel peaks. SW V  provided the optim um  current response for both cobalt 
and n ickel. A s expected  w ith the B iFE, each voltam m ogram  and the potentiogram  
exhibited  excellen t signal to background ratios, even  in the presence o f  d isso lved  
oxygen . C onsidering the strong signal (dt/dE) for potentiom etric stripping analysis 
and the superior resolution  betw een  the cobalt and n ickel peaks, the m ethod was 
em ployed  in certain subsequent m easurem ents.
Technique Peak Potential AEP/ Peak
/ V m V Current /  /jA
Linear Sw eep  Voltam m etry: Co / N i -1 .083 / -0 .9 9 2 91 1 .9 4 /1 .9 2
Square W ave V oltam m etry: Co /  N i -1 .0 7 6 /-0 .9 8 8 88 3 .1 4 /3 .4 2
N orm al Pulse V oltam m etry: Co / N i - 1 .1 1 0 / - 1.022 88 4 .2 4 /4 .1 7
D ifferential P u lse Voltam m etry: Co /  N i -1 .0 5 7 /-0 .9 6 9 88 1 .0 6 /1 .1 6
Sam pled D C  Voltam m etry: Co /  N i -1.071 / -0 .9 8 3 88 1 .1 8 /0 .9 8
Potentiom etric Stripping A nalysis: Co /  N i -1.071 / -0 .9 8 5 86 35.58  /  35.38*
Table 3.5: Data regarding the voltammograms in Figure 3.15. All conditions as in 
Figure 3.15 (below). * dt/dE /  s/V  rather than current.
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Figure 3.15: Adsorptive stripping voltammograms o f  20 fig/L Co +  20 /ug/L Ni in 0.01 
mol/L ammonia buffer p H  9.4 containing 1 x 10'5 mol/L DMG at BiFE using (A) 
linear sweep (LSV), (B) square wave (SWV), (C) normal pulse (NPV), (D) differential 
pulse (DPV), (E) sample D C  (SDC) and (F) potentiometric stripping analysis (PSA) 
modes; accumulation conditions: -0 .7  V for 60 s; settings: LSV: scan rate 50 mV/s; 
SWV: frequency 10 Hz, potential step 5 mV, pulse amplitude 25 mV; N PV and DPV: 
pulse duration time 60 ms, interval time 0.2 s, potential step 5 mV; SDC: interval time 
0.2 s, step potential 5 mV; PSA: stripping current -1 0  /jA.
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3.5.8 Simultaneous Measurement of Cobalt and Nickel
It is u n likely  that cobalt and nickel w ill appear in any sam ple in a fixed  and constant 
ratio. H ence, it w as decided to investigate the p ossib ility  o f  m easuring each  heavy  
m etal in an ex cess  o f  the other. In the first case, cobalt w as held  at a constant 
concentration o f  2  fig/L , w h ile  n ickel w as added in increm ents o f  2 jig/L , and in the 
second instance, n ickel w as held at a constant concentration w h ile  increasing amounts 
o f  cobalt w ere added to the w orking solution. The results o f  the former are presented  
in  Figure 3 .16 , and the latter in Figure 3 .17 . A lso  included in  each  figure are the 
relevant data regarding the respective analyte. Regarding Figure 3 .16 , in  w h ich  cobalt 
is m aintained at 2  |j,g/L and nickel is added from  2 to 10 (ig/L, it w as ev ident that the 
addition o f  n ickel d idn’t interfere w ith  the cobalt peak as the peak current rem ained  
alm ost constant. In addition, the presence o f  cobalt in  the m easuring solution  d idn’t 
affect the response obtained upon adding n ickel as evidenced  by the excellen t 
correlation coeffic ien t (r) o f  0 .999  for the n ickel additions. Sim ilarly, addition o f  
increm ents o f  cobalt to a solution  containing n ickel caused no significant influence on  
the peak height for n ickel (Figure 3 .17). A lso , the correlation co effic ien t for the 
cobalt additions w as 0 .997 . In both cases, the peaks rem ained w ell-d efin ed  and w ell- 
resolved, thus dem onstrating the excellen t perform ance o f  the bism uth film  electrode 
in  sim ultaneous m easurem ent o f  cobalt and nickel.
C onsidering the superior resolution o f  cobalt and n ickel signals w hen  
em ploying  potentiom etric stripping analysis (see  Section  3 .6 .7 ), one o f  the above 
experim ents, in  w h ich  linear sw eep  voltam m etry w as em ployed, w as repeated. Here, 
cobalt w as held  at a constant concentration w h ile  su ccessive ly  higher concentrations 
o f  n ickel w ere added to the w orking solution. T hese results are illustrated in Figure 
3.18. U p on  com parison  o f  these results, the superiority o f  the P S A  technique in  
resolution  o f  the peaks is again revealed. T he correlation coeffic ien t here is 0 .997.
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Potential / V vs. Ag/AgCl Nickel Concentration / jig/L
Figure 3.16: (A) Adsorptive stripping voltammograms o f  (a) 0.01 mol/L ammonia 
buffer (pH 9.2) containing 1 x 10'5 mol/L DMG, (b) a + 2 /ug/L cobalt; subsequent 
scans b + 2 ¡jg/L nickel increments; accumulation conditions: -0 .7  V fo r 60 s; and 
(B) corresponding data fo r  (A); (a) nickel, (b) cobalt.
Potential / V vs. Ag/AgCl Cobalt Concentration / ja g/L
Figure 3 . 1 7 :  (A) Adsorptive stripping voltammograms o f  (a) 0 . 0 1  mol/L ammonia 
buffer (pH 9.2) containing 1  x 1 0 ' 5 mol/L DMG, (b) a + 2 ¡jg/L nickel; subsequent 
scans b + 2 ¡ug/L cobalt increments; accumulation conditions: - 0 . 7  V fo r  6 0  s; and 
(B) corresponding data fo r  (A); (a) cobalt, (b) nickel.
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Figure 3.18: (A) Adsorptive stripping potentiograms fo r  2 /ug/L cobalt and increasing 
concentrations o f  nickel and (B) corresponding data fo r  (a) nickel and (b) cobalt. All 
data as in Figure 3.16, except stripping current -1 0  fjA.
3.5.9 Analytical Performance of BiFE for Cobalt and Nickel
A s seen  from  previous results regarding the adsorptive stripping voltam m etry and 
potentiom etric stripping analysis o f  cobalt and n ickel, the B iFE  exhibits excellen t 
sensitiv ity  and selectiv ity  towards both elem ents. Further studies w ere carried out 
into the analytical perform ance o f  the B iF E  for determ inations o f  trace am ounts o f  
these particular h eavy  m etals. The lim it o f  detection  and linear range in  such  
adsorptive stripping m easurem ents is extrem ely dependent on tw o parameters, nam ely  
the concentration o f  D M G  in the sam ple solution  and the accum ulation tim e. H ence, 
different calibration curves (and lim its o f  detection) w ere obtained w hen  varying  
conditions w ere em ployed . E m ploying L SV , cobalt exhibited a linear dependence on  
concentration over the range 2 -16  |ag/L, w ith  a slope o f  0 .54  fiA'L/[j,g and correlation  
coeffic ien t (r) o f  0 .998 . H ere, the accum ulation tim e w as 40 s and the concentration  
o f  D M G , 5 x  10 ’5 m ol/L . A b o v e  a concentration o f  16 (J.g/L, a typical curvature in the 
calibration curve w as observed due to saturation o f  the electrode surface. A s cobalt is 
frequently present in sub |ug/L leve ls  in sam ples, the possib ility  o f  m easuring cobalt at 
these concentrations w as investigated. The results using both L SV  and P S A  w ere  
very prom ising. E m p loyin g a D M G  concentration o f  5 x  10 '5 m ol/L  and an
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accum ulation tim e o f  120 s (L SV ), there w as a linear correlation betw een  cobalt 
signal over the range 0.1 to 0.8 (Jg/L, w ith  a slope o f  2 .17  |iA-L/[j,g and correlation  
coeffic ien t (r) o f  0 .999 . From these tw o exam ples, it is evident that calibration data 
differ depending on the conditions used. U sing potentiom etric stripping analysis w ith  
a stripping current o f  - 5  jjA, a D M G  concentration o f  1 x  10' m ol/L  and an 
accum ulation tim e o f  120  s, the response to cobalt w as linear over the range 0.1 to 
0.9  |ig /L , w ith  a slope o f  16.33 s-L/V-(j.g and a correlation coeffic ien t (r) o f  0 .997. 
The potentiogram s obtained in these m easurem ents and the resulting data regarding 
peak m agnitude are presented in Figure 3 .19. Data w ere also obtained for the 
sim ultaneous calibration o f  nickel and cobalt using LSV . The linear ranges w ere both  
from  1 to 9 |og/L w ith  slopes o f  0 .12 (,iA-L/|ig and correlation coefficien ts (r) >  0 .996  
for each elem ent.
The reproducibility o f  m easurem ents o f  both elem ents at the B iF E  w as also  
determ ined using both linear sw eep  voltam m etry and potentiom etric stripping 
analysis. E m p loyin g the former, a relative standard deviation (r.s.d) o f  4 .2  % w as 
obtained for 12 m easurem ents o f  1 |j.g/L cobalt, w h ile  for cobalt and nickel at a 
concentration o f  5 |_ig/L each in the m easuring solution, the r.s.d .s (for 12 
m easurem ents) w ere 7 .7  and 4.2 %, respectively . U sin g  P SA , for 10 repeat 
m easurem ents o f  a solution  containing 2 (ag/L o f  each heavy m etal individually, the 
r.s.d.s w ere 1.4 % and 4.3 %, respectively. T hese data sign ify  another advantage o f  
BiFE over M FE regarding the possib ility  o f  carrying out m any m easurem ents at the 
sam e B iFE, obviating the need  for a film  regeneration step as is required w ith  
mercury electrodes [59 ,60 ,63].
A s noted above, the detection lim it varies depending on the applied  
operational param eters. U sin g  PSA , the detection  lim its (S /N  =  3) for cobalt and 
nickel w ere determ ined to be 0.08 and 0 .26  (ig/L , respectively , em ploying  a D M G  
concentration o f  1 x  10 '5 m ol/L , an accum ulation tim e o f  60 s and a stripping current 
o f - 1 0  (J.A. The extrem ely lo w  lim its o f  detection achievable in adsorptive stripping 
analysis o f  these elem ents can be attributed to the fact that the reduction o f  the m etal- 
D M G  com p lex  in vo lves the transfer o f  10 electrons [79]. T hese calibration data 
reveal the excellen t sen sitiv ity  o f  the bism uth film  electrode in the adsorptive 
stripping voltam m etry and potentiom etric stripping analysis o f  trace cobalt and nickel,
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w ith  the possib ility  o f  further reduction o f  the detection  lim it for both elem ents upon  
varying the appropriate parameters.
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Figure 3.19: (A) Stripping potentiograms obtained upon adding cobalt in 0.1 fj.g/L 
increments to (a) 0.01 mol/L ammonia buffer p H  9.2 containing 1 x 10'5 mol/L; 
accumulation conditions:-0. 7 V fo r  120 s; stripping current: -5 ¡jA and (B) resulting 
data.
3.5.10 Measurement of Trace Cobalt and Nickel in Some Low-Volume Artificial 
Body Fluids
F ollow in g  optim isation  o f  the relevant parameters, and investigation  o f  the analytical 
parameters for trace m easurem ent o f  cobalt and n ickel at the B iFE, both h eavy m etals  
w ere m easured in a variety o f  low -vo lu m e body flu id  sam ples. The sam ples selected  
w ere artificial sa liva  and synthetic sweat.
Cobalt- and n ickel-b ased  alloys have been  used w id ely  and su ccessfu lly  in 
dental, orthodontic and orthopaedic m aterials, although concerns ex ist regarding the 
release o f  m etal ions from  these a lloys to surrounding tissues. Studies have revealed  
decreases in cellular proliferation and inhibition o f  various enzym es o f  cultured cells  
w hen exp osed  to these a lloys [80]. R elease o f  potentially to x ic  m etal ions into saliva  
from  am algam  fillin gs and orthodontic appliances is o f  considerable concern in
.15 -1.1 -1 .05
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dentistry [81], Hence, it is of great interest to quantify such releases in the saliva of 
patients fitted with such dental materials, and also to measure the effect of saliva 
components upon the release of these elements. Natural saliva is a mixture of fluids 
secreted by the parotid, submaxillary and sublingual glands that have been shown to 
differ from each other in composition and volume [82]. Being an extremely complex 
system with numerous constituents, and variable according to the time of day, exact 
duplication is impossible. Hence, in many studies, artificial saliva is employed. The 
release of metal ions from dental amalgam occurs in two stages, short-tim e release, 
which is the period ranging from a few hours to a few weeks after completion of the 
dental application, and long-term  release, which occurs when metals diffuse from the 
bulk to the surface of the amalgam and oxidise, the oxides gradually dissolving when 
the saliva pH goes below a certain value [76], Hence, the metals present in these 
alloys w ill be present at varying, but low concentrations. For example, nickel has 
been found at levels of 0.5 to 2.0 (ig/L in saliva using ET-AAS [83], and was released 
into synthetic saliva in amounts between 0.4 and 4.1 (.ig/L from nickel-containing 
orthodontic arch wires [84]. These levels suggest the necessity for extremely 
sensitive techniques for measurement of nickel in this matrix. Common nickel- 
chromium-beryllium alloys, which have been used in dental appliances are being 
replaced by cobalt-chromium alloys [85]. Considering the already described hazards 
associated with cobalt exposure (Section 3.2), it is apparent that methods are also 
required for measuring cobalt in saliva.
Adsorptive stripping voltammetry and potentiometric stripping analysis at the 
bismuth film has proved to be suitable for measurement of trace levels of cobalt and 
nickel, hence it was decided to investigate the possibility of determining these trace 
elements in saliva matrix. Figure 3.20 shows adsorptive stripping potentiograms 
obtained upon adding 1 (.ig/L amounts of cobalt to an artificial saliva solution. The 
peak in the blank solution of artificial saliva (pH 9.4) containing 5 x 10° mol/L DMG 
is more than likely due to the presence of trace impurity nickel (*) in one or more of 
the five salts used in making up the artificial saliva solution. Use of suprapure 
chemicals in more detailed studies should result in a “clean” blank solution. 
However, despite the presence of nickel in the blank solution, it is evident that 
adsorptive stripping potentiometric analysis at the B iFE is a potentially suitable 
method for determination of nickel, as its presence in trace amounts elicits a strong
1 3 9
signal response. Furthermore, a strong response is also obtained upon addition of two 
1 ug/L increments of cobalt to the artificial saliva sample.
Potential / V vs. Ag/AgCl
Figure 3.20: A dsorptive stripping poten tiogram s o f  (a) artificial saliva, p H  adjusted  
to 9.4, containing 5 x 10 ' 5 m ol/l DMG, subsequent poten tiogram s a + 1 ¡ug/L cobalt 
each; accum ulation conditions: -0 .7  V fo r  90 s; stripping current: -10 fiA. * Nickel 
im purity in the artificia l saliva.
In performing their main function of thermoregulation, the sweat glands 
excrete a variety of solutes. The results of nutritional balance studies indicate that 
nutrients are lost in sweat in such amounts that allowances have to be made for such 
losses in the calculation of daily requirements [25], It is widely known that skin 
contact with nickel-containing objects (alloys) causes allergic reactions in sensitised 
individuals. Sweat is an important parameter in the corrosion of such objects, hence 
studies are carried out to investigate the effect of sweat on the quantity of nickel 
liberated from nickel-containing alloys [86]. It is therefore of interest to quantify the 
amount of nickel and other trace essential elements in this sample matrix. Atomic 
emission spectrometry and atomic absorption spectrometry have been used for this 
purpose [25,86], with mean concentrations of nickel found in sweat of 69.9 ug/L [25].
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It also seems likely that cobalt w ill be excreted in the sweat of cobalt-exposed 
individuals.
In this study, adsorptive stripping voltammetry at the bismuth film electrode 
was investigated as a possible method for determination of trace levels of cobalt and 
nickel in sweat. Figures 3.21 and 3.22 show the results of these experiments. In both 
Figure 3.21 and 3.22, as in Figure 3.20, a nickel impurity peak (*) from one of the 
components of the artificial sweat matrix is observed in the blank. Again, use of 
suprapur chemicals should eliminate such an impurity. Figure 3.21 A  shows 
voltammograms obtained upon adding 10 [j,g/L increments of nickel to an artificial 
sweat solution (pH 9.4) containing 1 x 10' 5 mol/L DMG.
<
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Potential / V vs. Ag/AgCl Potential / V vs. Ag/AgCl
Figure 3.21: (A) A dsorptive stripping voltam m ogram s o f  10 jug/L additions o f  nickel 
to (a) synthetic sw ea t solution, (pH  9.4) containing 1 x 10 '5 mol/L D M G ; and (B) 
adsorptive stripping voltam m ogram s o f  10 pg/L  additions o f  cobalt to (a) synthetic  
sw ea t solution, (pH  9.4) containing 1 x 10 '5 mol/L D M G  and 30 ug/L nickel; 
accum ulation conditions: -0 .7 V for 30 s. * N ickel impurity in the synthetic sweat.
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Applying an accumulation time of just 30 s, a strong signal response was obtained for 
nickel. Considering a mean concentration of nickel in sweat of approximately 70 
(ig/L (according to [25]), routine adsorptive stripping voltammetry detection of nickel 
at the B iFE seems feasible as the technique is extremely fast and sensitive. Indeed, if  
the concentration of nickel is as high as 70 |J.g/L, very short accumulation times could 
be employed. In addition to these measurements, cobalt was added in increasing 
increments to a solution containing 30 jj.g/L of nickel (Figure 3.21 B). Strong 
stripping peaks were obtained for the cobalt additions. Employing PSA would likely 
permit improved resolution of the nickel and cobalt peaks. Figure 3.22 (A and B) 
show “reciprocal” voltammograms to Figure 3.21, whereby cobalt was added to an 
artificial sweat solution (pH 9.4) containing 1 x 10'5 mol/L DM G  (A) and nickel was 
added in 10 |ug/L increments to a solution containing 30 (J,g/L cobalt (B).
Potential / V vs. Ag/AgCl
-0.7 -0.9 -1.1 -1.3
Potential / V vs. Ag/AgCl
Figure 3.22: (A) A dsorptive stripp ing  voltam m ogram s o f  10 fdg/L additions o f  cobalt 
to (a) synthetic sw ea t solution (pH  9.4) containing 1 x 10' 5 mol/L DMG, (B) 
adsorptive stripping voltam m ogram s o f  10 fj.g/L additions o f  nickel to (a) synthetic 
sw eat solution, p H  9.4 containing 1 x 10 '5 mol/L D M G  and 30 /ug/L cobalt; 
accum ulation conditions: -0. 7 V for 30 s. * Nickel impurity in the synthetic sweat.
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Similar to the behaviour of nickel in Figure 3.21, cobalt exhibits strong stripping 
peaks in the synthetic sweat matrix. In contrast, however, upon adding nickel to the 
solution containing 30 (ig/L cobalt, the signal for nickel is significantly smaller than 
that of the cobalt signal. This might be attributable to some interaction of the cobalt- 
DM G complex and the sweat matrix, causing favourable adsorption of cobalt-DMG 
over nickel-DMG on the bismuth film electrode. However, it is apparent that 
adsorptive stripping methodologies at the bismuth film electrode are suitable for trace 
nickel and cobalt measurements in a sweat matrix, suggesting its possible future use 
in studies of trace element excretion.
3.6 Application o f  B iF E  in the Determination o f  Selected Heavy Metals
in Soil Extracts
3.6.1 Introduction
The ecotoxicity and mobility of heavy metals in the environment depend strongly on 
their specific chemical forms or method of binding [87], Consequently, toxic effects 
and biogeochemical pathways can only be studied on the basis of the determination of 
these forms. The determination of heavy metal species is often difficult in soil and 
sediment matrices. In practice, environmental studies involving soil and sediment 
analysis are often based on the use of leaching or extraction procedures (e.g. single or 
sequential extraction schemes), which enable broader forms or phases to be measured 
(e.g. “bioavailable” forms of elements). In an extraction involving a single extractant, 
a relative empirical assessment of heavy metal availability for plant uptake from 
different components of the soil is made [88]. Heavy metals brought into the extract 
solution are either defined as “plant available” or attributed to a soil phase such as 
carbonates, which may or may not be available for root uptake. Sequential extraction 
procedures, in which the sample is subjected to a series of extractions using different 
extractants, provide insights into the partitioning of trace metals in soils and their 
phase associations, e.g. exchangeable, bound to carbonates, bound to iron and 
manganese oxides, bound to organic matter and residual [89],
However, the actual environmental availability is the metal fraction directly 
accessible by the solution surrounding the soil via various processes, for example,
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ion-exchange, complexation, precipitation, dissolution, accumulation, oxidation, 
reduction etc. [90], The extractability of a metal is directly related to the partitioning 
coefficient, K d , which assumes a proportionality between the metal concentration in 
solid and the metal concentration in liquid via a linear adsorption isotherm. In work 
by van Elteren [90], a batch-type experimental approach was employed to derive the 
environmental availability of trace metals. In order to permit extraction of the 
environmentally available fraction from a soil sample, a high volume to mass ratio 
(V/m) of soil to extractant may be required, depending on the Kd. In such a case, the 
resulting metal concentration may be too low to be detected. To avoid such a 
problem, the concentration of metal in the extract may be measured as a function of 
the V/m ratio, and from the resulting relationship, the environmentally available metal 
concentration in soil be deduced. A  brief description of the “model” on which this is 
based is presented as follows. The adsorption of a metal on a “pure” solid may be 
modelled with a linear adsorption isotherm:
ai=KDxcj (3.2)
where a/ is the metal concentration in the solid after equilibration (mg/kg), ci the 
metal concentration in the liquid after equilibration (mg/L) and K q the partitioning 
coefficient (L/kg) [91], It seems justified to apply a linear adsorption isotherm to 
describe the sorption of exchangeable metals on soils and sediments. It should be 
noted that the K d value is dependent on the liquid composition and therefore only a 
constant i f  the liquid composition has a defined ionic strength and pH. Extraction is 
the reverse of sorption and under thermodynamic conditions, i.e. reversible 
conditions, the mass balance for extraction of exchangeable metals from soils and 
sediments may be written as:
m  x ao = ci x V + m  x cii (3.3)
where ao is the initial exchangeable metal concentration in the solid (mg/kg), V the 
volume of the extractant (L) and m the mass of the solid (kg). Substitution of 
Equation 3.2 in 3.3 gives:
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C/ V/m + K D
(3.4)
The reciprocal of Equation 3.4 gives:
(3.5)
c 1 a 0 m  a
Hence, a plot of 1/cj vs. V/m gives a straight line with an intercept of K L/a o  and a 
slope of 1/ao, from which the partitioning coefficient, KD and the available fraction, cio 
can be calculated.
The most commonly employed methods in determination of heavy metals in 
soil extracts are ICP-MS and AAS. As mentioned previously, their high cost may 
preclude their use in some laboratories, prompting other techniques such as stripping 
voltamtnetry to be employed. In addition, in cases were no standard reference 
materials are available for a particular analysis, employing two techniques is 
recommended to ensure more accurate results. In a study under consideration in our 
laboratory, heavy metals are determined in soil extracts using ICP-MS. The purpose 
of this study is to use the batch-mode extraction technique with different extractants 
in order to gain insights into the environmental availability of certain heavy metals. 
No standard reference materials are available, hence it was decided to investigate the 
possibility of using stripping voltammetry at the B iFE as a complimentary tool to 
ICP-MS in the measurement of several heavy metals in soil extracts, and from these 
results determine the partitioning coefficient and environmental availability of these 
elements in the soils.
3.6.2 Experimental Procedures for Analysis of Soil Extracts
The procedures involved in this section are slightly different to those described in 
Section 3.5. Following some preliminary investigations (results below), it was 
determined that an in situ  plated film was more suitable for determination of lead, 
cadmium and copper using anodic stripping voltammetry at the BiFE. The previously 
used preplated B iFE was employed in CAdSV measurements of cobalt and nickel.
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The in situ formed BiFE was formed by simply adding 1 mg/L Bi(III) to the sample 
solution, and then performing an accumulation and stripping step.
Preparation of the soil sample extracts for determination of lead, cadmium and 
copper simply involved diluting the sample appropriately with 0.1 mol/L acetate 
buffer pH 4.5, and adding 1 mg/L Bi(III). As acidic conditions are suitable for anodic 
stripping voltammetry at the BiFE, no pH adjustment was required. The samples 
were then analysed. On the contrary, when preparing the samples for determination 
of nickel and cobalt, following appropriate dilution with 0.01 mol/L ammonium 
buffer, the pH was adjusted to approximately 9.2 -  9.6 with 25 % ammonia solution. 
In the case of the sample containing only nickel at very low levels, ammonium 
chloride was added to the sample to a final concentration of 0.01 mol/L. 
Dimethylglyoxime was then added and the samples analysed. The method of 
standard additions was employed in determination of the concentrations of heavy 
metals present in the soil extract samples.
In CAdSV measurements, the applied potential during the accumulation step 
was -0.7 V, while in ASV  measurements, the applied potential was -1.0 V.
3.7 Results and Discussion
3.7.1 Preliminary Measurement of Nickel in a Soil Extract Sample
A  series of three soil extracts were selected in order to conduct a preliminary 
investigation into the possibility of measuring nickel (and / or cobalt) in such a matrix 
using the bismuth film electrode. A ll of the soils in this study were from an urban 
area of Ljubljana. In this example, the heavy metals were extracted using deionised 
water. Following addition of ammonium chloride and 5 x 10'5 mol/L DMG, and pH 
adjustment to 9.4, nickel was accumulated at the B iFE for 90 s at -0.7 V. The results 
of these measurements are presented in Figure 3.23 in a critical comparison with the 
ICP-MS results using the “ least squares analysis” method. In this technique, the 
results obtained using each technique are plotted against each other, and the resulting 
plot used as a method for basic comparison of the two sets of results.
From Figure 3.23, it is evident that a correlation exists between the ICP-MS 
and AdSV techniques. The dashed line shows the situation in which a perfect
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correlation between two methods is obtained; the slope is 1 , the correlation coefficient 
is 1 and the line intercepts the origin. The equation for the line obtained with the real 
results gives a slope of 1.005, an intercept of 0.49 and a correlation coefficient (r) of 
0.998. The slope of 1.005 is very close to the ideal of 1, and the correlation is quite 
good. The intercept of 0.49 suggests a systematic error / difference between the two 
techniques. This could be due to the following reasons:
(a) differences in the techniques employed for determination of the amount of nickel 
in the samples i.e., the method of standard additions with voltammetry and from a 
calibration curve with ICP-MS. It should be noted here that over time (several 
hours) the peak magnitudes in ICP-MS decreased considerably, hence an internal 
standard was injected periodically, which the samples were compared to. This 
may have resulted in another source of error.
(b) as the samples were not pretreated, dissolved organic matter present in the soil 
samples could have caused interference in both methods -  in the plasma of the 
ICP-MS or through adsorption on the electrode surface.
tZ3
[Ni] / |i,g/L /AdSV
Figure 3.23: Com parison o f  resu lts obta ined  using ICP-M S and adsorptive stripping  
voltam m etry fo r  m easurem ent o f  nickel in a soil extract; nickel w as extracted with 
M illi-Q  water; A dSV  param eters in text. Inset: Actual values obtained.
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These promising results led us to consider stripping voltammetry at the B iFE in 
determination of heavy metals in soil extract samples.
3.7.2 Heavy Metal (Zn, Cd, Pb, Cu, Co, Ni) Measurements at a Preplated BiFE
It should first be noted that at the start of this study, determination of Zn, Cd, Pb, Co 
and N i was considered. Following some preliminary experiments, it was considered 
more appropriate to analyse the soil extract samples for Cd, Pb, Cu, Co and Ni, for 
reasons which will be outlined below.
It was considered that measurement of all the target heavy metals -  Zn, Cd, 
Pb, Co and N i -  would be simplest and most convenient employing the same BiFE. 
As determination of cobalt and nickel can only be performed at a preplated BiFE, this 
electrode surface was investigated for the possibility of measuring Zn, Cd, Pb, Co and 
Ni. In a preliminary experiment, the B iFE was plated as usual i.e. for 5 minutes at -
1.0 V  from a solution containing 100 mg/L Bi(III) in 0.1 mol/L acetate buffer pH 4.5. 
A  solution of 0.05 mol/L acetate buffer pH 4.5 was then chosen as the electrolyte 
solution, as a compromise between 0.1 mol/L acetate buffer necessary for Cd, Pb and 
Zn and 0.01 mol/L ammonia buffer necessary for Co and Ni. 20 (ig/L each of the 
target metals was added to this solution. In the first part of this experiment, Zn, Cd 
and Pb were accumulated at the B iFE  at a potential of -1.4 V  for 2 minutes and then 
stripped off the electrode surface. The results are presented in Figure 3.24 A. In the 
second part of this experiment, the pH of the working solution was adjusted to pH 9.6 
and 1 x 10' 5 mol/L DM G added. Accumulation of the cobalt-DMG and nickel-DMG 
complexes was carried out at -0.7 V  for 60 s. The resulting voltammogram is 
displayed in Figure 3.24 B.
Figure 3.24 A  and B reveal that the preplated B iFE can be employed in the 
determination of lead, cadmium, nickel and cobalt, with well-defined and well- 
resolved peaks obtained for each element. However, there was no peak at 
approximately -1 V, where the stripping peak for zinc was expected. This wasn’t 
expected, as from previous work [49], it was possible to measure Zn, Cd and Pb at the 
same (in situ) BiFE. Hence, it was assumed that some interaction between zinc and 
nickel or cobalt occurred. Further evidence pointing to such an interaction is seen in 
Figure 3.24 B. Considering that 20 |J.g/L of cobalt and nickel were determined 
simultaneously under conditions similar to those in Figure 3.4, it was expected that
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both voltammograms would be similar. However, while the peak currents were 
similar in Figure 3.4, the nickel peak in Figure 3.24 is approximately four and a half 
times that of cobalt, suggestive of some difference in the behaviour of cobalt and / or 
nickel in the presence of zinc. In order to investigate this further, an experiment was 
carried out in which a stripping voltammogram was obtained for zinc, cadmium and 
lead, with nickel subsequently added to the working solution and another 
voltammogram recorded. The results for this are displayed in Figure 3.25.
Potential / V vs. Ag/AgCl Potential / V vs. Ag/AgCl
Figure 3.24: Square w ave voltam m ogram s o f  five heavy m etals at the same p rep la ted  
BiFE. (A) A S V  o f  20  /ug/L Zn, Pb and C d  in 0.05 mol/L acetate buffer (pH  4.5) 
containing also 20 /ug/L Co and Ni; accumulation conditions: -1.4 V fo r  120 s; initial 
poten tia l: —1.4 V; fin a l poten tia l: -0.35 V (-1.2 V to -0 .3 5  V shown fo r  the sake o f  
clarity); and (B) CAdSV o f  20 /ig/L Co and Ni in the above solution adjusted to p H
9 .6  and containing 1 x 10 '5 mol/L DM G; accumulation conditions: -0 .7  V fo r  60 s; 
settings fo r  A and B: frequency 20 Hz, po ten tia l step 5 mV, pu lse  am plitude 25 mV. * 
E xpected Zn p e a k  position.
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Potential / V vs. Ag/AgCl
Figure 3.25: Square w ave voltam m ogram s o f  (a) 0.1 mol/L acetate buffer (pH  4.5),
(b) a  + 50 jug/L Zn, Pb, C d  and (c) b + 50 f-ig/F Ni. Other conditions as in Figure 
3.24.
From Figure 3.25 (b), peaks for Zn, Cd and Pb are observed. Following this, 
nickel was added to the solution and another voltammogram recorded (Figure 3.25
(c)). Here, it can be clearly seen that addition of nickel to the solution causes the zinc 
peak to disappear and also the lead and cadmium peaks to decrease. Almost identical 
results were obtained when the same experiment was carried out with cobalt.
The reasons for the obvious effects of nickel and cobalt on the stripping 
signals for the other elements, especially zinc, require much in-depth study. Some 
preliminary assumptions about these interactions can be made, e.g., formation of 
some zinc-cobalt, zinc-nickel or zinc-nickel-cobalt alloys, or interaction of the three 
heavy metals with the bismuth film. However, these are assumptions and further 
investigations in order to prove them are necessary. In order to eliminate / prove the 
interaction of the elements with the BiFE, a comparative study at the M FE should be 
undertaken. Here it would be possible to see i f  this effect on Zn occurs at both 
surfaces under the same conditions or not. It would also be interesting to note the
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effect o f varying Zn:Ni and Zn:Co ratios on the stripping response of the B iFE to 
zinc.
Although it was shown above that cadmium, lead, cobalt and nickel could be 
determined at the same BiFE, it was decided that in analysis of the soil extracts, an in 
situ B iFE would be employed in ASV  and a preplated B iFE in CAdSV. One of the 
reasons for this is that unpretreated samples were employed in this study, which could 
lead to fouling of the preplated electrode surface over time, hence leading to 
erroneous results. Indeed, visual inspection of the samples revealed a distinct 
“cloudiness” of some of the samples, due possibly, to the presence of dissolved 
organic matter. In addition, following the recording of an anodic stripping 
voltammogram of sample “K7A”, at the in situ BiFE, it was obvious that a high 
concentration of copper was present in the sample (see Figure 3.26). The ICP-MS 
results revealed that the concentrations of zinc and copper in this soil extract were 500 
and 262 fig/L, respectively. The presence of such a small peak for zinc (at ~ -1 V) 
points to the formation of a Zn-Cu alloy at the applied deposition potential o f-1.4 V. 
As there was no method with which to prevent the formation of such an alloy (gallium 
was unavailable), only measurement of copper was possible, since application of 
potentials sufficiently negative for stripping of analysis of zinc (> -1.2 V) w ill lead to 
the formation of the Zn-Cu alloy. A  potential of -1 V  was applied in the deposition 
step, thus eliminating zinc from the reaction. Copper’s re-oxidation potential is more 
positive that of bismuth’s, hence it is necessary to strip bismuth from the surface of 
the substrate electrode to determine copper. Such a step precludes use of the 
preplated B iFE in copper measurements. Hence, in all determinations of Cd, Pb and 
Cu, the in situ B iFE was employed.
Figure 3.27 shows some typical stripping voltammograms obtained for the 
five target heavy metals in some of the soil extract samples. The first voltammogram 
(a) in each represents the soil extract (appropriately diluted, with pH adjustment if  
necessary), with the subsequent voltammograms representing standard additions of 
the respective metal to the sample solution. In each set of voltammograms, the 
excellent performance of the B iFE in the unpretreated samples is evident, with well- 
defined peaks obtained for each element in the fj,g/L concentration range.
151
30
Potential / V vs. Ag/AgCl
Figure 3.26: Anodic stripping voltammogram of a soil extract sample diluted 1 + 3 
(v/v) with 0.1 mol/L acetate buffer (pH 4.5) and containing I mg/L Bi(III); 
accumulation conditions: —1.4 V for 120 s; stripping from -1.4 V to + 0.3 V; inset: 
magnification of potentials between -1.2 V and -0.6 V; heavy metals extracted using
0.1 mol/L U N O  y
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Figure 3.27: Cathodic adsorptive stripping voltammograms (A) Co and (B) Ni and 
anodic stripping voltammograms (C) Cd, (D) Pb and (E) Cu of (a) soil extract 
samples + standard additions of 5, 10 & 10 jig/L (A), 5 ¡ug/L (B), 5 /ug/L (C), 20 /ug/L 
(D) 20 /ug/L (E) 20 jug/L of the respective metal. A and B; LSV scan rate: 50 mV/s.
C, D  andE: SWV: frequency 20 Hz, potential step 5 mV, pulse amplitude 25 mV.
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3.7.3 Comparison of Adsorptive and Anodic Stripping Voltammetry
Measurement of Heavy Metals in Soil Extracts at BiFE with ICP-MS
A na lys is  was carried  ou t on seven d iffe re n t so il samples -  K 1 A , K 2 A , K 3 A , K 4 A , 
K 5 A , K 6 A  and K 7 A . The results fro m  each set o f  analyses are show n in  Tab le  3.6 (A  
to  G , w ith  in d iv id u a l sample num bers also h ig h lig h te d ), in  w h ic h  data regard ing  the 
co rre la tion  data (equation  o f  the line  and co rre la tion  co e ffic ie n t), d ilu t io n  facto r, and 
quan tity  o f  heavy m eta l determ ined using  bo th  vo ltam m e try  and IC P -M S  are 
included.
A:
SAMPLE
K1A
Element
Equation of 
Line; y  =
/ Inter­
cept
Dilution
Factor
Cone.
Vg/L
ICP-MS
Vg/L
Cadmium n.d .# n.d. n.d. n.d. n .m .* 1.38
Cobalt 0.0436x + 0.2869 0.995 6.58 2 13.16 9.69
Copper 0.0816X + 2.5821 0.999 31.64 2 63.28 44.04
Lead 0.0914x + 2.0350 0.999 22.26 2 44.52 72.54
Nickel 0.0822x+ 1.6862 0.999 20.51 2 41.02 17.88
c co rre la tion  c o e ffic ie n t #  no t detected * no t measured
B:
SAMPLE Equation of r Inter­ Dilution Cone. ICP-MS
K2A Line; y  = cept Factor Vg/L /jg/L
Element
Cadmium n.d. n.d. n.d. n.d. n.d. 2.97
Cobalt 0.0676x + 0.3353 0.999 4.96 5 24.80 22.06
Copper 0.1152x + 4.5851 0.999 39.80 2 79.60 92.04
Lead 0.0834x + 3.6013 0.999 43.18 2 86.36 161.11
Nickel 0.1466x+ 1.6409 0.999 11.19 5 55.95 40.45
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C:
SAMPLE
K3A
Element
Equation of 
Line; y  =
r Inter­
cept
Dilution
Factor
Cone.
Vg/L
ICP-MS
Vg/L
Cadmium 0.0052x + 0.0182 0.997 3.50 2 7.00 5.58
Cobalt 0.0362x + 0.2479 0.997 6.85 1 0 68.50 43.13
Copper 0.0806X + 6.5439 1 .0 0 0 81.19 2 162.38 150.38
Lead 0.0593x + 2.2880 0.999 38.58 4 154.32 251.34
Nickel 0.1425x + 2.0263 0.999 14.22 1 0 142.20 72.43
D:
SAMPLE
K4A
Element
Equation of 
Line; y  =
r Inter­
cept
Dilution
Factor
Cone.
Vg/L
ICP-MS
Mg/L
Cadmium 0.0227x + 0.1149 0.994 5.06 2 1 0 . 1 2 10.31
Cobalt 0.0809x + 0.3213 0.989 3.97 20 79.43 90.04
Copper 0.1454x + 6.0625 0.999 41.70 5 208.50 261.33
Lead 0.1235x + 4.8035 0.999 38.89 4 155.58 453.61
Nickel 0.1822x + 0.9415 0.999 5.17 20 103.35 144.85
E:
SAMPLE
K5A
Element
Equation of 
Line; y  =
r Inter­
cept
Dilution
Factor
Cone.
fJg/L
ICP-MS
fJg/L
Cadmium 0.0012x + 0.0091 0.993 7.58 2 15.16 13.79
Cobalt 0.0336x + 0.2124 0.987 6.32 2 0 126.40 124.50
Copper 0.1058x + 4.8375 0.996 45.72 5 228.62 288.08
Lead 0.0494x + 3.0960 0.996 62.67 2 125.34 471.74
Nickel 0.1289x+ 1.2989 0.996 10.08 2 0 201.60 197.15
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F:
SAMPLE
K6A
Element
Equation of 
Line; y  =
/• Inter­
cept
Dilution
Factor
Cone.
Vg/L
ICP-MS
t& L
Cadm ium 0.0063x + 0.0272 0.999 4.32 4 17.28 17.90
Cobalt 0.0315x + 0.2715 0.998 8.62 20 172.40 153.5
Copper 0.0925x + 6.1725 0.997 66.73 4 266.92 273.53
Lead 0.1093x + 7.0983 0.999 64.94 4 259.76 457.24
Nickel 0.1039x+ 1.2656 0.998 12.18 2 0 243.60 236.65
G:
SAMPLE
K7A
Element
Equation of 
Line; y  =
r Inter­
cept
Dilution
Factor
Cone.
1%/L
ICP-MS
Vg/L
Cadm ium 0.0087x + 0.0530 0.999 6.09 4 24.36 22.83
Cobalt 0.0467x + 0.3708 0.999 7.94 20 158.8 176.7
Copper 0.101 lx  + 6.0425 0.999 59.77 4 239.08 261.58
Lead 0.0828x + 3.5563 0.998 42.95 4 171.80 447.94
Nickel 0.0941x+ 1.3958 0.999 14.83 20 296.60 289.85
Table 3.6: Relevant data fo r  determ ination o f  heavy m etals in soil extracts (A) sample 
K1A, (B) sam ple K2A, (C) sam ple K3A, (D) sam ple K4A, (E) sample K5A, (F) sam ple 
K 6A, (G) sam ple K7A.
From these results, it can be seen that the best correlation between the two methods 
appears to be for cadmium and cobalt. The method of least mean squares was used to 
evaluate the correlation between the two methods for these two metals; Figure 3.28 
shows the results obtained in this comparison where “ideal” correlation is defined by 
a line of regression with a slope of 1 and an intercept of 0. Statistical tests performed 
on the data show that at the 95% significance level the slope and intercept for both 
cobalt and cadmium do not differ from the “ideal” values of 0 and 1 , respectively (see 
inserts in Figure 3.28). Thus, the precision obtained with B iFE was correct but the 
95% confidence bands show that the accuracy could be much better. While the 
correlation for nickel was good in some of the samples, e.g., K5A, K 6A  and K7A,
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there was considerable disparity between the results for the other samples. The 
overall correlation between both techniques for lead was poor. This may be due to a 
more pronounced effect of dissolved organic matter in the samples on the 
quantification of lead in the samples. As well as the possible reasons listed in Section
3.8.1 for disparity in the results for nickel, another source of error may have been in 
dilution of the samples prior to analysis when both techniques were used. Any error 
introduced during the analysis would have been magnified when the dilution factor 
was taken into account.
As this was only a preliminary study, further optimisation of the voltammetric 
procedure (e.g. amount of Bi(III) ions in the plating solution for in situ measurements, 
deposition time and potential, etc.), for future use in such a study is recommended. 
An investigation into the causes of signal reduction in the ICP-MS should also be 
carried out. In addition, and most importantly, the effect of sample pretreatment (e.g. 
U V  irradiation) on the measurements should be studied.
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Figure 3.28: Com parison o f  results obtained fo r  determ ination o f  cadmium (A) and  
cobalt (B) in so il extracts using stripp ing  voltam m etry a t the BiFE and ICP-MS. The 
data w ere f it te d  on a line o f  regression y  = a-x + b using the m ethod o f  least mean 
squares. The dashed lines represent the 95%  confidence bands.
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3.7.4 Use of Voltammetric and ICP-MS Results for Determination of Kd and ao 
for Cadmium and Cobalt in Soil Extracts
As the correlation between voltammetric techniques and ICP-MS was best for cobalt 
and cadmium, examples illustrating the calculation of Kd and ao are shown for both of 
these heavy metals. Figure 3.29 and Figure 3.30 show plots of concentration of the 
respective heavy metal vs. the V/m ratio (A) and plots of reciprocal concentration vs. 
V/m ratio (B) for cadmium and cobalt, respectively. The lines in the graphs represent 
a plot of a combination of the data, while the symbols (■) and (•) represent the results 
obtained using ICP-MS and voltammetric techniques, respectively. From A in each 
case, a close correlation in the results is observed. The correlation coefficients (r) in 
Figure 3.29 and 3.30 (B), are 0.977 and 0.983 for cadmium and cobalt, respectively. 
Although these correlation coefficients are significantly different from ideal (r = 1), 
they do suggest a correlation between both techniques. It should be noted that any 
small difference in the concentrations obtained will be magnified in this plot, for 
example for a V/m ratio of 98.4 for cobalt, concentrations of 22.06 (J.g/L and 
24.80 (J-g/L were determined using ICP-MS and AdSV, respectively. The difference 
here is only approximately 10 %, yet this is seen as a considerable difference in 
Figure 3.29 B. K d and ao were calculated using Equation 3.5, whereby the slope of 
the plots in Figure 3.29 and 3.30 (B) is equal to 1/ao and the intercept is equal to 
Ko/ao- The calculated K d values were. 8.9 and 4.6 mL/g for Cd and Co, respectively. 
This means that for a V/m ratio of say 10 mL/g, which is often used in extraction 
protocols, a (much) too low extractability of ao would have been found (for Co, 53% 
and for Cd, 68%). However, the V/m approach followed allowed the unambiguous 
determination of the maximal metal extractability from soil as 369 (ig/g for Cd and 
2597 |o,g/g for Co.
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3.8 Conclusions
This first part of this section of the work introduced the bismuth film electrode as a 
new electrode surface for cathodic adsorptive stripping voltammetry and 
potentiometric stripping analysis determination of trace levels of cobalt, and 
simultaneous measurement of trace cobalt and nickel. The B iFE was compared to its 
mercury counterpart, the mercury film electrode, whereby the performance of the 
B iFE was found to equal if  not suipass that of the MFE, especially regarding the 
enhanced stripping signal for cobalt and significantly improved behaviour in the 
presence of dissolved oxygen.
Comparison of some of the available voltammetric and potentiometric 
techniques revealed that all were suitable for trace cobalt and nickel determination, 
with potentiometric stripping analysis providing the optimum resolution of the cobalt 
and nickel peaks. Interpretation of the cyclic voltammetry and PSA results revealed 
the irreversibility of the cobalt-DMG and nickel-DMG adsorption process, which is 
similar to behaviour previously observed at mercury electrodes for the same reaction.
The analytical performance of the B iFE for determination of trace cobalt and 
nickel was excellent, with limits of detection employing 60 s deposition of 0.08 (ig/L 
for cobalt and 0.26 p,g/L for nickel. Increasing the accumulation time w ill lead to 
even lower detection limits. The reproducibility of measurements at the B iFE was 
also excellent, with low r.s.d.s obtained for repeat measurements of low 
concentrations of cobalt and nickel. This represents a further advantage over MFE, 
with the possibility of using the B iFE for many measurements without the necessity 
for film regeneration / cleaning.
The B iFE was successfully employed in the measurement of trace amounts of 
nickel and cobalt in a number of low-volume artificial body fluid samples such as 
artificial saliva and synthetic sweat. The performance of the B iFE in comparison to 
ICP-MS for the measurement of five target heavy metals in soil extract samples was 
assessed, and the results of both sets of measurements used to determine the 
partitioning coefficient, K d and the environmentally available (extractable) amount, ciq 
of cadmium and cobalt in the soil samples, when 0.1 M  HNO 3 was employed as the 
extractant.
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4 . AN ELECTROCHEMICAL MICROSENSOR FOR THE 
SELECTIVE DETERMINATION OF ASCORBIC ACID IN 
GASTRIC JUICE
4.1 Introduction
Ascorbic acid (AA), also known as vitamin C, is a y-lactone that is synthesised by 
plants and almost all animals except primates and guinea pigs. It is approved for use 
as a dietary supplement and chemical preservative by the US Food and Drug 
Administration, and is on the FD A ’s list of substances generally recognized as safe 
[1]. It is widely found in fresh fruits and vegetables, with some typical examples 
given in Table 4.1 [2], Its beneficial health effects were noticed as early as the 
sixteenth century in observations that citrus could have curative properties in sailors 
suffering from deficient wound healing [3], Ascorbic acid was isolated in the late 
1920s by Szent-Gyorgyi, and by the 1930s methods for its synthesis had been 
devised, making it widely available at low cost [4], Today, ascorbic acid production 
is estimated at approximately 46,000 tonnes per year, with more than 20,000 tonnes 
being produced in Europe [5], This amount, however, is negligible when compared to 
ascorbic acid of natural origin, e.g. approximately 89,250 tonnes of ascorbic acid are 
produced by grass alone each year in the United Kingdom!
The roles of ascorbic acid in the human body are manifold. It is necessary for 
the formation of collagen, an important protein used to make skin, scar tissue, 
tendons, ligaments, and blood vessels, and also functions as an antioxidant, blocking 
some of the damage caused by free radicals, toxic chemicals and pollutants such as 
cigarette smoke. Research has suggested that vitamin C may play an important role in 
the prevention of disorders such as heart disease, high cholesterol, high blood 
pressure, cancers (skin, cervical, breast and gastric), osteoarthritis, cataracts and 
macular degeneration. Ascorbic acid may also be important for boosting immune 
system function, maintaining healthy gums, slowing progression of Parkinson’s 
disease, reducing the effects of sun exposure and healing burns and wounds [6], 
Ascorbic acid has, therefore, been given tremendous consideration in biomedically- 
oriented research, due to which there is a strong need for sensitive, selective, and 
reliable methods for the direct measurement of ascorbic acid.
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This chapter is concerned with the determination of ascorbic acid in gastric 
juice, hence further information regarding the functions of ascorbic acid in the human 
stomach is provided, in addition to a literature review of some current electrochemical 
(and other) methods used for quantifying ascorbic acid in both physiological and non- 
physiological matrices.
This chapter reports on a new all-solid microsensor suitable for determination 
of typical ascorbic acid concentrations in gastric juice. The microsensor is produced 
by modifying a substrate carbon cylinder fibre microelectrode (CFCME) with 
electrochemically deposited nickel oxide (galvanostatic) and ruthenium 
hexacyanoferrate (voltammetric) layers and a dip-coated protective membrane 
(cellulose acetate). The performance of the microsensor was studied in detail, with 
particular emphasis on stability, amperometric response and selectivity. 
Measurements were carried out in acidic media (0.01 mol/L HC1, pH 1.9), model 
gastric juice solution and real gastric juice, and revealed the suitability of the 
proposed microsensor for use in the selective measurement of ascorbic acid in gastric 
juice.
F o o d stu ff A pprox. Cone, m g/kg F o o d stu ff A pprox. Cone, m g/kg
Acerola chcrries 2 0 ,0 0 0 Lemons 450
Parsley 1,700 Oranges 360
Blackcurrants 1,400 Tomatoes 230
Green pepper 1,300 Potatoes 160
Green kale 1 , 1 0 0 Mushrooms 50
Table 4.1: Typical concentrations o f  ascorbic acid  in common foodstuffs (adapted  
from  [ 2]).
1 6 7
4.2 Ascorbic A cid  in the Human Body
4.2.1 Structure and Oxidation Reaction
Ascorbic acid has a simple structure and is related to the sugars (see Figure 4.1). 
Its reducing properties stem from the reactive enediol group at C2-C3, while its acidity 
is related to the C3 hydroxyl (pKa = 4.17). Loss of the hydrogen atom above pH 4.17 
leads to the ascorbate anion. Oxidation of ascorbic acid (or ascorbate anion) occurs in 
two steps; the first product is monodehydroascorbic acid, which is a relatively stable 
free radical (the extra electron is stabilised through the oxygens and the conjugated 
bonds). The second product is dehydroascorbic acid, which if  not reduced (in the 
human body, via enzymes for example), undergoes irreversible hydrolytic ring 
cleavage to form diketogulonic acid and is lost from the ascorbic acid pool. Thus, the 
oxidation of ascorbic acid to diketogulonic acid involves the loss of two protons and 
two electrons.
HO'
L-ascorbic acid
H 0 \ / C H 2 0 H
y
o  o
dehydroascorbic acid
L^ascorbate
O O
monodehydroascorbic acid
+H2O
O^
0 =
0 =
H-
HO-
^— OH
=<r
"(^  diketogulonic acid 
— OH
-(j:----H
C H 2OH
Figure 4.1: Structure and oxidation mechanism o f ascorbic acid.
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4.2.2 Physiological Roles and Levels in Gastric Juice
In addition to the numerous roles of ascorbic acid mentioned in the introduction, 
research has shown that ascorbic acid plays an important part in the prevention of 
gastric cancer. H. p y lo r i infection is recognised as an independent risk factor for 
gastric cancer and has been designated as a class 1 carcinogen by an International 
Agency of Research on Cancer-World Health Organisation committee [7 and 
references therein]. Infection inevitably leads to the development of chronic gastritis, 
and further to the development of gastric cancer. In H. py lo ri infection, there is a 
dramatic increase in levels of reactive oxygen species in the gastric mucosa, which 
may promote carcinogenesis in a variety of ways including direct DNA damage and 
generation of genotoxic products. Diets low in the antioxidant vitamins A, C and E 
are felt to increase the risk of developing gastric cancer and it seems likely that 
vitamin C exerts a protective effect against gastric carcinogenesis. It has been proven 
that in the normal stomach, ascorbic acid is secreted in high concentrations into 
gastric juice, with this secretion failing with the onset of acute H. p y lo r i gastritis for 
example, Fraser et al. determined that gastric juice ascorbic acid concentration is 
lower in the presence of H. py lo ri infection [8],
It has also been suggested that ascorbic acid may be important in the 
prevention of gastric cancer through its ability to reduce nitrous acid and prevent the 
formation of carcinogenic iV-nitroso compounds [9], Under acidic conditions (such as 
those found in gastric juice), ascorbic acid reduces nitrite (from dietary sources) or 
related nitrosating species to nitric oxide and in the process is itself oxidised to 
dehydroascoric acid. Vermeer et al. showed that intake of ascorbic acid significantly 
reduced the amount of N-nitrosodimethylamine (NDMA) excreted in urine, 
suggesting that consumed ascorbic acid may reduce endogenous N D M A  formation 
[10]. Under anearobic conditions, ascorbic acid converts the nitrite to nitric oxide and 
prevents nitrosation. However, in the presence of dissolved air, ascorbic acid is 
ineffective at preventing nitrosation due to the nitric oxide combining with oxygen to 
reform nitrite with this recycling of nitrite depleting the available ascorbic acid [1 1 ], 
This process is illustrated in Figure 4.3.
The healthy stomach actively secretes ascorbic acid (at a rate of approximately 
18 |imol/L per hour) and its concentration in fasting gastric juice is several times that 
in plasma [11], The levels of ascorbic acid found in gastric juice are dependent on the
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health of the individual, and w ill vary depending on conditions such as chronic 
gastritis, reflux gastritis, hypochlorhydria, and bacterial overgrowth in the stomach 
[12]. Choi el al. determined serum antioxidative vitamin levels (including ascorbic 
acid) obtained from blood samples taken from the stomachs of cancer patients and a 
control group [13]. The serum levels o f ascorbic acid in the gastric carcinoma 
patients were less than one-fifth of the levels in normal healthy subjects, supporting 
the hypothesis that A A  has an inverse association with gastric carcinoma. Table 4.2 
shows the results obtained by two different groups regarding the concentrations of 
ascorbic acid in the human stomach.
Nitrite in Saliva
I
VAcidic Gastric Juice 
H N 0 2 2nd Amines Nitrosamines
Nitrosating Species 
(e.g. N 20 3, N O \ NOSCN)
Ascorbic Acid
\ Dehydroascorbic 
Acid
NO
0 -,
Figure 4.2: Schematic representation of chemical reactions occurring when nitrite 
enters acid gastric juice containing ascorbic acid and secondary amines (adapted 
from [11]).
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Gastric Pathology Gastric Ascorbic Acid® Gastric Ascorbic Acid1
¡.tmol/L fjmol/L
(a) (b) (c) (a) (b) (c)
Normal 154 0-494 23 89 1-489 13
Chronic Gastritis 16 0 - 1 0 0 64 23 1-533 54
Reflux Gastritis 1 1 1 2-261 14 90 2-155 7
Ulcers without Chronic 29 0 - 6 6 6
Gastritis
Ulcers and Chronic Gastritis 30 3-534 26
Table 4.2: A scorbic ac id  concentration analysed according to gastric  pathology’; (a) 
median value, (b) range, (c) number o f  patients. [9], [12].
4.2.3 Significance of Ascorbic Measurement in Gastric Juice
C ons ide ring  the im portance o f  the ro le  tha t ascorbic acid plays in  the p reven tion  o f  
gastric cancer, there is a d e fin ite  need fo r  sensitive, selective, and re liab le  m ethods fo r 
its d irec t m easurem ent in  th is  environm ent. C onven tiona l methods fo r detection  o f  
ascorbic acid in  gastric ju ic e  in v o lv e  qu ite  a lo n g  and com p lica ted  procedure, fo r  
exam ple, in  several studies, a fte r sam pling, a liquots o f  gastric ju ic e  w ere  frozen  in  
liq u id  n itrogen  (to be used w ith in  fo u r weeks). The samples were then prepared fo r 
h ig h  perform ance liq u id  chrom atography (H P L C ) by  passage th rough  disposable 
co lum ns o f  Sephadex fo r  clean-up. The p u r if ie d  samples w ere then  analysed by 
H P L C  w ith  detection  by u ltra v io le t absorp tion  at 270 nm  [11 ,12 ,14 ], The 
de te rm ina tion  o f  ascorb ic acid in  gastric ju ic e  b y  H P L C  w ith  e lectrochem ica l 
de tection  was also described, a lthough no deta ils about the e lectrochem ica l 
param eters w ere p ro v id e d  [15 ], A lth o u g h  re liab le  and sensitive, these 
chrom atograph ic  m ethods do no t p e rm it rea l-tim e  analysis o f  ascorbic acid in  gastric 
ju ice . The deve lopm ent o f  a m icrosensor suitable fo r  d irec t de te rm ina tion  o f  ascorbic 
ac id  there fore  represents a s im ple, convenient, and inexpensive m ethod fo r  rea l-tim e  
analysis in  gastric ju ic e  (and indeed in  m odel so lu tions).
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4.3 M etal Hexacv ano ferrates
4.3.1 Functions as Electrode Modifiers
M e ta l hexacyanoferrates were m entioned b r ie f ly  in  Chapter One as a class o f  
e lectrode m o d ifie r. In  recent years they have rece ived increased a tten tion  because o f  
th e ir  num erous app lica tions (w h ich  w i l l  be deta iled  in  the next section). F rom  a 
structu ra l v ie w p o in t, a m eta l hexacyanoferrate o f  general s to ich iom e tric  fo rm u la  
A j;M j;[F e (C N )6 ] z-£/HzO (w here M  is a m eta l, A  stands fo r  a counterion , and x, y, z  and 
q are s to ich iom e tric  coe ffic ien ts ) fo rm s a r ig id  th ree-d im ensiona l (a lm ost cub ic ) 
fra m e w o rk  o f  repeating -N C -F e -C N -M -N C  un its  [16 ]. Th is  is illu s tra te d  in  
F igu re  4.3. The properties (e lectrochem ica l and spectroscopic) o f  the respective 
m eta l-substitu ted  hexacyanoferrate w i l l  depend on the choice o f  m eta l (M ).
Figure 4.3: Schematic representation o f  metal hexacyanoferrate.
M o d if ic a tio n  o f  the electrode surface w ith  these tra n s itio n  m eta l 
hexacyanoferrates is possib le  in  fo u r d iffe re n t w ays:
• • 3
(a) b y  im m ers ing  the e lectrode surface in  a so lu tion  con ta in ing  F e (C N ) 6  ' and a 
tra n s itio n  m eta l io n  and c y c lin g  the electrode over a certa in  po ten tia l range.
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(b) by  e lectrodeposition  o f  the trans ition  m eta l on the m a tr ix  and then e lectrochem ica l 
anod is ing o f  the resu lting  electrode in  the presence o f  hexacyanoferrate as the 
de riva tisa tion  agent.
(c) by  e lectrodeposition  o f  a trans ition  m eta l on the m a trix  and then chem ical 
de riva tisa tion  o f  the resu lting  electrode in  the presence o f  hexacyanoferrate.
(d) by  im m ers ing  the tra n s itio n  m eta l e lectrode surface in  a so lu tion  con ta in ing  
F e (C N )63' and po ten tiosta ting  the electrode at a conven ien t va lue [17 ].
In  a ll cases, the inso lub le  tra n s itio n  m eta l hexacyanoferrate is fo rm ed  by 
e lectrochem ica l o r chem ica l o x id a tio n  o f  the tra n s itio n  m eta l and subsequent reaction  
w ith  hexacyanoferrate.
One o f  the p r im a ry  reasons fo r  m o d if ic a tio n  o f  an electrode surface w ith  a 
m eta l hexacyanoferrate is the achievem ent o f  e lectrocata lysis, w h ic h  consists o f  an 
acceleration o f  heterogeneous e lectron transfe r o f  the target analyte, w h ic h  is s lo w  at 
the same po ten tia l at a bare e lectrode [18 ]. T h is  process is d iffe re n t fro m  m ed ia tion , 
where an im m o b ilise d  redox couple generates heterogeneous e lectron transfer o f  a 
target redox analyte in  so lu tion  that w o u ld  occur ju s t as read ily  at the same po ten tia l 
at a bare e lectrode i f  i t  w ere ava ilab le  i.e. e lectrocata lys is  is accom plished by  charge 
m ed ia tion  b u t no t a ll m e d ia tio n  results in  e lectrocata lysis.
S lo w  reactions o f  m any im po rtan t analytes necessitate the a pp lica tio n  o f  a 
po ten tia l w h ic h  exceeds th e ir  fo rm a l redox potentia ls  in  order that these reactions 
proceed at des irab ly  h ig h  rates [18 ]. The acceleration o f  such k in e tica lly -h in d e re d  
electrode reactions b y  e lectrode-con fined  charge m ediators pe rm its  the q u a n tifica tio n  
o f  these analytes at less extrem e po tentia ls , as catalysed electrode reactions usua lly  
occur near the fo rm a l po te n tia l o f  the m ediator. T h rough  the app lica tion  o f  less 
extrem e po ten tia ls , bo th  se n s itiv ity  and se le c tiv ity  can be s ig n ifica n tly  im p roved  w hen 
com pared to  u n m o d ifie d  electrodes. In  add ition , e lectrode fo u lin g , w h ich  m ay occur 
as a resu lt o f  d irec t e lectrochem ica l convers ion  o f  the analyte at m ore extrem e 
potentia ls  at the bare e lectrode, m ay also be decreased. O ther advantages associated 
w ith  the use o f  m eta l hexacyanoferrates as e lectrode m o d ifie rs  inc lude  th e ir ca tion- 
exchange capab ilities , th e ir  a b ility  to prevent corros ion , th e ir un ique spectro- 
e lectrochem ica l (e lec troch rom ic , the rm ochrom ic  and ionch rom ic ) and m agnetic 
properties.
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4.3.2 Some Applications of Metal Hexacyanoferrate-Modified Electrodes
Prussian B lue  (PB), o r fe rr ic  hexacyanoferrate, one o f  the m ost ancient coo rd ina tion  
m ateria ls  know n , was d iscovered to  fo rm  e lectroactive  layers a fte r e lectrochem ica l or 
chem ica l deposition  onto an e lectrode surface [19 ]. D epos ition  o f  PB is usua lly  
carried  ou t fro m  aqueous so lu tions con ta in ing  a m ix tu re  o f  fe rr ic  (Fe3+) and 
fe rricyan ide  ([F em(C N ) 6 ] 3") ions, e ither spontaneously in  an open -c ircu it reg im e, o r by 
a p p ly ing  a reductive  e lectrochem ica l d r iv in g  force. R eduction  o f  Prussian B lue  
results in  the fo rm a tio n  o f  Prussian W h ite  and an accom panying loss in  co lour. The 
transfe r o f  electrons is compensated by  the entrapm ent o f  cations (K +, NHU+, Cs+ or 
R b+) in  the f i lm . A t  h ig h  anodic po tentia ls , Prussian B lu e  converts to  its fu l ly  
ox id ised  fo rm  (Prussian Y e llo w  o r B e r lin  Green). P robab ly  the m ost popu la r 
e lec troana ly tica l app lica tio n  o f  PB m o d ifie d  electrodes is the selective de te rm ina tion  
o f  hydrogen perox ide  by  reduc tion  in  the presence o f  oxygen [19 ]. Indeed, Prussian 
B lue  has been term ed an “ a r t if ic ia l peroxidase”  due to  its  h ig h  a c tiv ity  and se lec tiv ity  
fo r  hyd rogen  perox ide  [20 ]. Its  a b ility  to  electrocata lyse the reduc tion  o f  H 2 O 2 is seen 
in  the e lectrochem ica l rate constant, w h ich  is h ighe r fo r  PB than fo r  a ll o ther kn o w n  
H 2 O 2  transducers (e.g., fo r  4 - 6  n m o l/L /c m 2  o f  Prussian B lue , the e lectrochem ica l 
rate constant exceeds 0.01 cm /s (reduction) vs. 7 x  10 ’ 6 cm /s (o x id a tio n ) at p la tinum . 
The a c tiv ity  o f  P t in  H 2 O 2 reduction  is even low er). H yd rogen  perox ide  and 
glu tam ate w ere detectable at concentrations o f  0.1 (.im ol/L  (each) at an app lied  
po te n tia l o f  - 5 0  m V  (vs. A g /A g C l)  at the Prussian B lue  m o d ifie d  glassy carbon 
electrode [20 ], A  carbon fib re  cone nanoelectrode m o d ifie d  b y  co-depos ition  o f  PB 
and glucose oxidase, and w ith  an integrated reference electrode was app lied  fo r  the 
de te rm ina tion  o f  glucose in  sm all sample vo lum es [21 ]. A  Prussian B lue  m o d ifie d  
p la tin u m  m ic rod isc  e lectrode was shown to catalyse the o x id a tio n  o f  ascorbic acid, 
w ith  an observed reduc tion  in  the overpo ten tia l fo r  o x id a tio n  o f  350 m V  [22 ], F lo w  
in je c tio n  am perom etric  detection  at a PB f i lm  m o d ifie d  glassy carbon electrode 
p rov ided  a sensitive m ethod fo r the o x id a tio n  o f  ascorbic acid, w ith  a l im it  o f  
detection  o f  2.49 ( im o l/L  be ing  achieved [23],
F o llo w in g  the d iscove ry  o f  the deposition  and electro a c tiv ity  o f  Prussian B lue , 
other m eta l hexacyanoferrates were deposited on various o ther e lectrode surfaces. 
These “ Prussian B lue  analogues”  have been found  to e x h ib it in teresting  properties and 
have been w e ll-cha rac te rised  by  num erous groups, fo r  exam ple, m ixed  n ic k e l- iro n
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hexacyanoferrates have been studied using  abrasive s tripp ing  vo ltam m etry  [24 ], w h ile  
scanning e lectrochem ica l m icroscopy was em ployed in  the characterisa tion  o f  coba lt 
hexacyanoferrate and n icke l hexacyanoferrate deposited on go ld  and glassy carbon 
electrodes [25 ], O ther m eta l hexacyanoferrates tha t have been exam ined inc lude 
coba lt hexacyanoferrate [26 ], n icke l-co b a lt hexacyanoferrate [16 ] and n ic k e l- th a lliu m  
hexacyanoferrate [27].
N ic k e l hexacyanoferrate m o d ifie d  electrodes have been w id e ly  used. One 
approach in vo lve d  a m e ta llic  n icke l and n icke l hexacyanoferrate coated a lu m in iu m  
electrode, prepared by  electroless deposition , w h ich  was used in  the m easurement o f  
ascorbic acid dow n  to leve ls o f  2 jxm o l/L  in  pharm aceutica l fo rm u la tions  [17 ,28]. 
The m o d ifie d  a lu m in iu m  electrode catalyses the o x id a tio n  o f  ascorbic acid v ia  surface 
laye r m ediated charge-transfer, w ith  the o x id a tio n  process found  to  be independent o f  
p H  in  the range 4 -1 0 . A  n ic ke l hexacyanoferrate m o d ifie d  m icroband  go ld  electrode 
( 0 . 1  jam x  1 . 0  cm ) was em ployed in  the ca ta ly tic  o x id a tio n  o f  reduced n ico tinam ide  
adenine d inuc leo tide  (N A D H ) [29 ]. O x id a tio n  o f  N A D H  at conventiona l so lid  
electrodes is h ig h ly  irreve rs ib le  and takes p lace at considerable overpoten tia ls, 
resu lting  in  electrode fo u lin g . The n icke l hexacyanoferrate m o d ific a tio n  layer 
cons iderab ly  reduces th is  ove rpo ten tia l b y  ca. 340 m V , and perm its  determ inations o f  
N A D H  in  the range 0.5 to  8.0 m m o l/L . A  n icke l e lectrode chem ica lly  m o d ifie d  w ith  
an in te rfa c ia l laye r o f  n icke l fe rrocyan ide  was em ployed in  the s im ultaneous sensing 
o f  sod ium  and potassium  ions in  aqueous solutions, hum an w ho le  b lood  serum and 
hum an w ho le  b lood  [30 ].
A  coba lt hexacyanoferrate chem ica lly  m o d ifie d  electrode was em ployed in  
co n ju n c tio n  w ith  m ic ro d ia ly s is  and liq u id  chrom atography fo r  the de te rm ina tion  o f  
g lu ta th ione  and cysteine in  ra t b ra in , at concentrations o f  2.5 x  10 ' 4 m o l/L  and 1.0 x  
10 ' 6 m o l/L , respective ly , at an app lied  po ten tia l o f  +0.8 V  [31 ]. A  glassy carbon 
electrode, m o d ifie d  w ith  the same ino rgan ic  layer was show n to p rov ide  a stable 
response fo r  the o x id a tio n  o f  ascorbic acid [32 ], The opera tiona l s ta b ility  o f  ferrous 
(P B ) and copper hexacyanoferrate m o d ifie d  p la tin u m  electrodes was investigated fo r 
the de te rm ina tion  o f  hyd rogen  perox ide , w ith  the la tte r p ro v id in g  the m ost stable, 
a lthough low er, response [33 ], A  ch rom ium  hexacyanoferrate based electrode was 
em ployed in  the de te rm ina tion  o f  hydrogen perox ide  [34 ], H ow ever, the existence o f  
such a laye r has been d isputed by K a ry a k in  [18 ] (see Section 4.6.1). A  m ixed  coba lt
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and copper hexacyanoferrate m o d ifie d  carbon fib re  m icroe lec trode  was used in  the 
de te rm ina tion  o f  hydraz ine  at lo w  concentrations dow n to 0.5 (.im ol/L [35 ], A  
graphite  electrode, m o d ifie d  by m echanica l im m o b ilisa tio n  o f  copper hexacyano­
ferrate was used in  the o x id a tio n  o f  ascorb ic acid [36 ], O x id a tio n  o f  ascorbic acid 
was observed at bo th  redox couples (F e (C N )6 4 '/F e (C N )63’ and C u+/C u2+), w ith  the 
fo rm e r be ing  em ployed in  ana ly tica l de te rm ina tion  o f  A A  in  pharm aceutica l 
fo rm u la tions  due to its h igher sens itiv ity . A  screen-printed e lectrode m o d ifie d  w ith  
copper hexacyanoferrate and glucose oxidase, w h ich  showed a considerable decrease 
o f  the overvo ltage  fo r  the reduction  o f  enzym atica lly -libe ra ted  hydrogen peroxide, 
was em ployed in  single-use glucose measurements [37].
K u lezsa ’ s group have investigated the in teresting  concept o f  the fo rm a tio n  o f  
h y b r id  o rgan ic  /  ino rgan ic  f ilm s  on a glassy carbon electrode and a go ld  covered fo i l  
in  order to  characterise the e lectrochem ica l and e lec trochrom ic  features, respective ly , 
o f  such f ilm s  [38 ,39 ]. I t  was observed tha t du ring  e lectrodeposition , alternate layers 
o f  p o ly a n ilin e  and n icke l hexacyanoferrate were produced, w ith  the resu lting  f i lm  
show ing  revers ib le  behaviou r bo th  e lec trochem ica lly  and e lec troch rom ica lly . 
A n o th e r in te resting  observation  regard ing m eta l hexacyanoferrates is the a b ility  o f  
ru then ium  to  stab ilise po lynuc le a r hexacyanom eta lla te  f i lm  electrodes [40 ,41 ]. 
S tab ilisa tion  was accom plished b y  c y c lin g  the m etal ( in d iu m , n icke l, coba lt o r iron ) 
hexacyanoferrate electrode in  a so lu tion  con ta in ing  ru th e n iu m (III)  ch lo ride . Such 
fu rth e r m o d if ie d  electrodes were found  to  e x h ib it better de fined  e lectrochem ica l and 
spectroscopic properties, im proved  redox rates and considerab ly enhanced s tab ility .
4.4 Detection o f  Ascorbic Acid
The lite ra tu re  is replete w ith  exam ples o f  the de te rm ina tion  o f  ascorbic acid. Indeed, 
any p re lim in a ry  search pe rta in ing  to  ascorbic acid de te rm ina tion  w i l l  ce rta in ly  y ie ld  
several thousand c ita tions. Several exce llen t review s describ ing  the de te rm ina tion  o f  
ascorb ic acid by  various m ethods (h igh  perform ance liq u id  chrom atograph ic, 
pho tom e tric , non-spectropho tom etric  and f lo w  in je c tio n  m ethods) ex is t [42 -45 ]. 
O b v io u s ly , i t  w o u ld  be d if f ic u lt  to  incorpora te  a ll o f  the lite ra tu re  re la ting  to  ascorbic 
ac id  in  a b r ie f  lite ra tu re  survey such as th is. Hence, on ly  some o f  the m ore in teresting
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artic les regard ing  the de te rm ina tion  o f  ascorb ic acid and pub lished in  recent years 
(1990 onw ards) w i l l  be included.
4.4.1 Non-Electrochemical Methods
The accepted “ go ld  standard”  m ethod o f  m easuring ascorbic acid is by  h ig h  
perform ance liq u id  chrom atography (H P L C ) w ith  u ltra v io le t (U V )  or e lectrochem ica l 
(E C ) detection  [46 and references the re in ], H P L C  w ith  U V  detection  (at 245 nm ) was 
used to determ ine plasm a ascorbic acid [46 ]. The m ethod, as expected fo r  H P LC , was 
sensitive and precise w ith  good lin e a r ity  and a l im it  o f  detection  o f  2 p m o l/L , w h ich  
was equ iva len t to a p lasm a concentra tion  o f  1.0 (amol/L. H ow ever, the use o f  such a 
m ethod in vo lve d  a qu ite  com plica ted  prepara tion  procedure fo r  the p lasm a samples. 
A  s im ila r m ethod (H P LC  w ith  U V  detection) was em ployed in  the de term ina tion  o f  
ascorbic acid in  serum  samples fro m  b lood , w h ich  was co llec ted  fro m  the stom ach o f  
cancer patients [13 ], A ga in , th is  procedure in vo lve d  com p lica ted  preparation  
(ex trac tion , cen trifuga tio n , f i ltra t io n , d ry in g ) and storage (at -7 0 °C ) o f  the samples. 
H P L C  w ith  a pho to -d iode  detector (set at 243 nm ) was em ployed in  the id e n tifica tio n  
and q u a n tif ica tio n  o f  to ta l v ita m in  C in  f ru it  d rinks [47 ]. Th is  o b v io u s ly  represents a 
less com p lex  m a tr ix  and hence these measurements are cons iderab ly  less com plicated. 
The procedure pe rm itted  detection o f  ascorbic acid dow n to  concentrations o f  0.5 
( ig /m L  (2 .84 f im o l/L ) , w ith  good re p ro d u c ib ility  and a to ta l analysis tim e  o f  
a p p rox im a te ly  30 m inutes. A A  in  beer was determ ined dow n  to 0.2 m g /L  using 
H P L C  w ith  e lectrochem ica l detection  [48], The e lectrochem ica l de tection  system 
consisted o f  a h igh  e ffic ie n cy  porous graphite e lectrode (E app =  +40 m V ) placed 
upstream  o f  a glassy carbon am perom etric  electrode (E app =  +350 m V ). The m a in  
advantages o f  us ing  H P L C  w ith  e ither U V  o r EC  detection inc lude  good sens itiv ity , 
accurate quan tita tive  results, su ita b ility  fo r  n o n -vo la tile  o r th e rm a lly  fra g ile  species 
and ve rsa tility . H ow ever, its  d is tin c t disadvantages in vo lve  the requ irem ent fo r 
sample p reparation  (especia lly  in  the case o f  b io lo g ica l flu id s ), the qu ite  lo w  sample 
th roughp u t and im p o rta n tly , its  in a b ility  to p rov ide  “ re a l-tim e ”  results such as m ay be 
requ ired  in  b io lo g ic a l m o n ito rin g .
T itra tio n s  and spectropho tom etric  methods are also w id e ly  used in  the 
de te rm ina tion  o f  ascorbic acid. Indeed, t itr im e tr ic  methods fo rm  one o f  the o ff ic ia l 
m ethods and have been reported in  d iffe re n t pharm acopoeias [43 and references
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the re in ]. These in vo lve  the reduction  o f  the b lue co loured  2 ,6 -d ich lo ro pheno l- 
indopheno l dye to  the colourless fo rm  upon ad d itio n  o f  ascorbic acid. V ita m in  C 
content in  herbal ju ic e  (e.g. guava, lem on, sweet pepper) was quan tifie d  using d irect 
t itra tio n  w ith  iod ine, p ro v id in g  a s im p le  and rap id  m ethod fo r A A  de te rm ina tion  w ith  
a l im it  o f  detection o f  2.2 m g [49 ]. A  sequentia l in je c tio n  titra t io n  system based on 
the redox reaction  between ascorbic acid and permanganate in  ac id ic  m edia  was used 
in  the de te rm ina tion  o f  A A  [50 ]. D e tec tion  is achieved by  m o n ito r in g  the decrease in  
co lou r in te n s ity  o f  permanganate (at 525 nm ) upon reaction  w ith  ascorbic acid, and 
was app lied  in  the measurem ent o f  A A  in  v ita m in  C tablets. A  s im ila r procedure was 
also earned out p re v io u s ly  b y  the same authors [51 ]. In  add ition , they also perfo rm ed 
f lo w  in je c tio n  conductom etry, w h ich  was based on the neu tra lisa tion  o f  ascorbic acid 
in jected  in to  a f lo w in g  am m onia  so lu tion  y ie ld in g  a change in  con d u c tiv ity .
A  f lo w  in je c tio n  analysis (F IA )  spectrophotom etric  m ethod was developed fo r 
A  A  us ing  its  reduc ing  action  on F e (III)  in  ac id ic  m ed ium  and then fo llo w in g  the 
spectropho tom etric  de te rm ina tion  o f  the reduced iron  by  using  3 -(2 -p y r id y l)-5 ,6 - 
d ip h e n y l- l,2 ,4 -tr ia z in e -4 ',4 "-d is u lp h o n a te  as chrom ogen ic reagent in  p H  5.5 m ed ium  
and m o n ito r in g  the absorbance signa l at 562 nm  [52 ], Th is  procedure was sensitive 
w ith  a l im it  o f  de tection  o f  0.16 fj,m o l/L  and was em ployed in  the de te rm ina tion  o f  
A A  in  pharm aceutica l samples, u rine  and fru it  ju ices. T h is  m ethod o f  ind irec t 
detection  is o ften  used in  order to overcom e the p rob lem  o f  in terferences in  the U V  
reg ion. A A  (dow n  to  1.14 jim o l/L )  was determ ined in  ra t tissues using F IA  
spectropho tom etric  m o n ito r in g  o f  the reaction  o f  A A  and iro n ( I I I) -2 ,2 '-d ip y r id y l 
reagent and reading the absorbance at 510 nm  [53 ]. These methods, a lthough 
re la tiv e ly  s im p le  and o f  lo w  cost, are not, as m entioned fo r H P L C , su itab le fo r rea l­
tim e  m o n ito rin g .
Gas chrom atography-m ass spectrom etry (G C -M S ) has also found  some use in  
the de te rm ina tion  o f  ascorb ic acid. One group report the de te rm ina tion  o f  ascorbate 
and dehydroascorbate in  p la n t extracts, w h ich  invo lves th e ir de riva tisa tion  w ith  tert- 
b u ty ld im e th y ls ily l (T B D M S ) to  fo rm  TB D M S -ascorba te  and T B D M S -d e h yd ro - 
ascorbate, respective ly , and analysis in v o lv in g  an isotope d ilu t io n  assay using 
[ I3 C i]ascorba te  and [ 1 3C i]dehydroascorba te  [54 ], The lim its  o f  detection  were 0.5 pg 
and 5 pg, respective ly . A n o th e r G C -M S  procedure in vo lve d  the de te rm ina tion  o f  A A  
in  sm all (10 jj.L) vo lum es o f  plasm a [55 ], These methods are ex trem e ly  selective and
178
a llo w  de te rm ina tion  o f  other com ponents in  sample m atrices. H ow ever, 
disadvantages inc lude  the use o f  expensive equipm ent, the necessity fo r  
de riva tisa tion , com p lica ted  sample p repara tion  procedures and the in a b ility  to  p rov ide  
rea l-tim e  measurements.
A sco rb ic  acid and u ric  ac id  were determ ined in  b lood  fro m  d iabe tic  patients 
and fro m  aqueous hum our fro m  patients w ith  id io p a th ic  acute an te rio r uve itis  using 
c a p illa ry  e lectrophoresis (C E ) w ith  U V  detection (at 254 ran) [56 ], CE was also used 
in  the s im ultaneous analysis o f  the reduced and ox id ised  fo rm s o f  ascorbate and 
g lu ta th ione  in  le a f tissues, w ith  a detection  l im it  o f  28 |am ol/L  fo r  A A  [57 ]. These 
m ethods p rov ide  s im ila r advantages to  H P LC , but again, su ffe r fro m  the same 
disadvantages.
4.4.2 Electrochemical Methods In Non-Physiological Media
A s m entioned p rev ious ly , due to the im po rtan t ro le  tha t ascorbic ac id  p lays in  hum an 
health, there exists a requ irem ent, p a rtic u la r ly  in  the food  and pharm aceutica l 
industries fo r  re liab le  and s im p le  techniques tha t w o u ld  p e rm it rap id  m o n ito rin g  o f  
A A  du ring  p ro d u c tio n  and q u a lity  con tro l stages. Hence, num erous attempts have 
been made to  develop a selective e lectrochem ica l sensor fo r  A A  de te rm ina tion  in  a 
va rie ty  o f  food  and pharm aceutica l based products. E lec trochem ica l sensors are 
advantageous over the m ethods m entioned in  Section 4.4.1 as they gene ra lly  in vo lve  
s im p le  and inexpensive ins trum en ta tion  and procedures, and o ffe r  selective 
de te rm ina tion  o f  analytes w ith o u t the need fo r  d if f ic u lt  sample prepara tion  (thus 
p e rm ittin g  analyses in  com p lex  m atrices). In  add ition , lo w  lim its  o f  detection  can be 
achieved and in  the case o f  m icrosensors, m ic ro -vo lu m e  and m ic ro -lo ca tio n  
measurements are possible. A  num ber o f  e lectrochem ica l m ethods in v o lv in g  the 
de tection  o f  ascorbic acid at m eta l-hexacyanoferrate m o d ifie d  electrodes were 
described in  the p revious section and hence w i l l  no t be deta iled here.
A  copper-hep tacyanon itrosy lfe rra te  f ilm -m o d if ie d  carbon fib re  m icroe lectrode 
(C F M E ) ( r  =  5 fj,m to  20 fim ), e x h ib itin g  good s ta b ility , was em ployed in  the 
e lectrocata lys is  o f  ascorbic acid in  0.1 m o l/L  KC1, w ith  a decrease in  ove rox ida tio n  
fo r  A A  o f  app rox im a te ly  200 -  300 m V  compared to a bare C F M E  [58 ], I t  was 
determ ined tha t the ove ra ll process o f  o x id a tio n  changes fro m  a d iffu s io n  con tro lled  
to  a ca ta ly tic  reaction  con tro lled  process w ith  decreasing radius o f  the m icroe lectrode.
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A lth o u g h  hyd rodynam ic  am perom etry at +0 .2  V  p rov ided  a linea r range o f  8  x  1 O' 6 
m o l/L  to  2 x  10"3 m o l/L , th is  sensor w asn ’ t  applied to any real samples. A  screen- 
p rin ted  R u 0 2 electrode was app lied  in  the de te rm ina tion  o f  A A  at lo w  operating 
po ten tia ls  (100 m V  vs. A g /A g C l at pH  7.4) [59 ]. R u 0 2 is com m on ly  used in  resistive 
pastes fo r  screen-prin ting , and in  th is  app lica tio n , i t  shows selective o x id a tio n  o f  A A  
in  the presence o f  u r ic  acid and hydrogen  peroxide. N o l im it  o f  detection  or 
app lica tio n  in  a real sample was p rov ided  how ever.
Azide-based m od ifie rs  have been used in  several app lica tions as electrode 
m o d ifie rs . A m p e ro m e tric  detection o f  A A  at +0.5 V  ( in  pH  6.0 phosphate bu ffe r) 
us ing  a l,5 ,8 ,12 -te tra aza -2 ,4 ,9 ,l l- te tra m e th y lcyc lo te tra d e c in a to n icke l(II)-m o d ifie d  
glassy carbon electrode p rov ided  a linea r range o f  5.0 x  10 ’ 7 m o l/L  to  1.0 x  10 ’ 3 m o l/L
n t
and a de tection  l im it  o f  4.7 x  10' m o l/L  [60 ]. The m o d ifie d  electrode was 
e lectroactive  tow ards A A  as the o x id a tio n  peak po ten tia l sh ifted  200 m V  in  the 
negative d irec tion , w h ile  an increase in  the peak current was also observed. Th is 
sensor was successfu lly  applied in  the de te rm ina tion  o f  A A  in  beverages and was not 
a ffected g rea tly  by  the presence o f  in te rfe ren ts  poss ib ly  found  in  such samples. A  
series o f  aza m acrocyc lic  com pounds were used to m o d ify  carbon paste electrodes 
[61 ]. O f  these, l,4 ,7 -tr ito sy l- l,4 ,7 -tr ia za cyc lo n o n a n e , p rov ided  the best response and 
was used to  assay the v ita m in  C content in  m u ltiv ita m in  pharm aceutica l preparations. 
In co rp o ra tio n  o f  z inc  in to  the m a cro cyc lic  r in g  reduced the overpo ten tia l fo r  A A  
o x id a tio n  b y  about 200 m V  and an enhancem ent in  peak curren t was observed, 
lead ing  to  a detection  l im it  o f  0.1 | ig /m L  (5.6 x  10' 7 m o l/L ). The reaction  was found 
to  be in it ia l ly  d iffu s io n  con tro lled , bu t at faster scan rates the e lectron transfe r became 
the ra te -de te rm in ing  step, w h ile  the ove ra ll process was found  to  be ty p ic a l o f  a 
ca ta ly tic  process in v o lv in g  a chem ica l reaction  fo llo w e d  b y  an e lectron transfer 
process. A  C F M E  coated w ith  an e lectrodeposited coba lt chelate o f  a tetra-VV- 
m e th y lp y rid o p o rp h y ra z in o co b a lt was used in  po ten tiom e tric  de tection  o f  A A  [62]. 
T h is  m o d if ie r  can be reduced e lec trochem ica lly  fro m  its green aqueous ac id ic  o r 
neutra l so lu tio n  (C o (II) )  at potentia ls  m ore negative than approx im ate ly  400 m V  (vs. 
SCE at p H  7) to  fo rm  a pu rp le  e le c tr ica lly  conducting  f i lm  (C o (I)). Th is  reaction  can 
also be perfo rm ed  ch e m ica lly  b y  using  an e lectron  donor (A A  in  th is  case). A lth o u g h  
the m o d ifie d  electrode is ve ry  stable, the overpo ten tia l fo r  A A  o x id a tio n  is on ly  
decreased by  80 m V  and no increase in  curren t is observed (a lthough  a lo w  l im it  o f
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detection o f  0.1 |.im o l/L  is s t ill achieved). A p p lic a tio n  o f  a N a fion®  coating 
d im in ished  the response to A A , bu t pe rm itted  the analysis o f  SH" in  the presence o f  
A A .
C obalt-based com plexes have also been used in  the m o d ific a tio n  o f  electrodes 
fo r  the de te rm ina tion  o f  ascorbic acid. A  cobalt-salen (N .N ’ -b is (sa licyc lidene )- 
ethane-1 ,2 -d iam ine ) p o lym er m o d ifie d  electrode was observed to  strong ly  
e lectrocata lyse the ox ida tion  o f  A A  by  causing a sh ift in  the peak po ten tia l o f  A A  
app rox im a te ly  400 m Y  in  the negative d ire c tio n  (p H  6 . 8  phosphate b u ffe r) [63 ], Th is 
e lectrode was successfu lly  app lied  in  the m easurement o f  A A  in  f r u it  ju ices. A  
carbon-epoxy com posite  electrode m o d ifie d  w ith  the e lectron m ed ia to r cobalt 
ph tha locyan ine  was used to  determ ine A A  in  s ing le- and m u lt i-v ita m in  preparations 
[64 ], The reaction  was determ ined to be s im ila r  to that in  [61 ]. A m pe rom e tric  
detection  in  p H  5 phosphate b u ffe r (o p tim u m  p H ) at an operating po ten tia l o f  +0.25 V  
(vs. SCE) p rov ided  a ve ry  lo w  l im it  o f  detection  o f  0.65 n g /m L  (3 .69 n m o l/L ). 
Results obta ined w ith  the m o d ifie d  electrode com pared favo u ra b ly  to  those obtained 
using liq u id  chrom atography w ith  U V  detection. The same m o d ifie r (coba lt ph tha lo ­
cyanine), was used in  the m o d ific a tio n  o f  screen-printed electrodes [65 ], The 
behaviou r o f  th is  sensor tow ards ascorbic acid, g lu ta th ione and coenzym e A  was 
investigated. For A A , am perom etry at +0.30 V  (vs. SCE at pH  5) p rov ided  a l im it  o f  
detection  o f  5 x  10"8 m o l/L , w h ile  the screen-p rin ting  process p rov ided  a reproducib le  
e lectrode surface.
Casella and G uascito prepared a chem ica lly  m o d ifie d  electrode by 
e lec tropo lym e risa tion  o f  an iline  on a glassy carbon electrode, w h ic h  showed good 
e lec troca ta ly tic  properties tow ards ascorbic ac id  o x id a tio n  [6 6 ], A lth o u g h  they 
determ ined tha t the m a x im u m  curren t response fo r A A  was obta ined at lo w  p H  
(p H  1), they carried  ou t fu rth e r experim ents at p H  5.4 in  order to  im p rove  the s ta b ility  
o f  A A  and to  p e rm it the usage o f  a lo w e r opera ting  po ten tia l fo r  am perom etric 
measurements. F lo w  in je c tio n  measurements (at +350 m V ) y ie lded  a l im it  o f  
de tection  o f  1 f im o l/L . A n il in e  was also used to  m o d ify  glassy carbon and screen- 
p rin te d  electrodes fo r  the m easurem ent o f  A A  in  some pharm aceutica l products 
(v ita m in  C tablets, co ld  /  f lu  rem edies) and fru it  ju ices  [67 ]. In  contrast to  [ 6 6 ], i t  was 
fo u n d  tha t the o p tim u m  w o rk in g  b u ffe r p H  was between 6  and 7, w ith  6  chosen fo r 
fu rth e r investiga tions. A lso , a m uch  lo w e r operating po ten tia l o f  +100 m V  was
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applied here. In te res ting ly , the p o lya n ilin e  laye r was observed no t o n ly  to  act as a 
cata lyst fo r  the o x id a tio n  o f  ascorbic acid, bu t also as a perm selective  membrane.
Ferrocene and d im y tr is tso y l phosph a tidy lcho line  (D M P C ) in  ch lo ro fo rm  were 
cast onto a glassy carbon electrode and the resu lting  m o d ifie d  electrode exh ib ited  
good e lec troca ta ly tic  a c tiv ity  fo r  the o x id a tio n  o f  A A  [6 8 ]. D M P C  fo rm ed  m u lt i­
b ila ye r f i lm s  w ith  ferrocene retained due to  hyd ropho b ic  in te raction . Ferrocene in  the 
f i lm  exh ib its  a d iffu s io n -co n tro lle d  process, w h ich  im p lies  that i t  acts as an e lectron 
shuttle  between A A  and the electrode. T h is  m o d ifie d  electrode pe rm itted  the 
s im ultaneous de te rm ina tion  o f  u ric  acid and A A , w h ich  have s im ila r  ox ida tion  
po ten tia ls  at the bare G C E and hence the signals overlap. A n o th e r m odel o f  a 
b io lo g ica l m em brane in vo lve d  the casting o f  d ip a lm ito y lp h o sp h a tid y lch o lin e  and 
ru tin  (a fla v o n o id  g lycos ide , v ita m in  P) onto a glassy carbon electrode [69 ]. R u tin  
was observed to catalyse the o x id a tio n  o f  ascorbic acid, w ith  a s h ift in  the peak 
po ten tia l o f  app rox im a te ly  100 m V  in  the negative d irec tion  com pared to  a bare GCE. 
The m o d ific a tio n  also pe rm itted  the s im ultaneous de te rm ina tion  o f  ascorb ic acid and 
u ric  acid.
E le c tro p o lym e risa tio n  o f  the am ino acid g lu tam ic  acid  at a glassy carbon 
electrode y ie ld e d  a p o ly (g lu ta m ic  ac id ) m o d ifie d  e lectrode w h ic h  showed 
considerable ca ta ly tic  e ffec t tow ards A A  ox ida tion , w ith  a s h ift in  peak po ten tia l o f  
400 m V  in  the negative d irec tion  obta ined [70 ], Th is  m o d ific a tio n  was stable and at 
an app lied  po ten tia l o f  +0.30 V , the l im it  o f  detection  was 4 x 1 0 '  m o l/L . I t  was also 
possib le  to  achieve a peak separation o f  110 m V  between dopam ine and ascorbic acid. 
H ow ever, in  th is  case equ im o la r concentrations o f  1.5 m m o l/L  were em ployed, w h ich  
d iffe rs  cons ide rab ly  fro m  real in vivo concentrations o f  dopam ine (app rox im a te ly  
3000 fo ld  less than A A ) .  3 ,4 -D ihydroxybenza ldehyde  was used to  m o d ify  a glassy 
carbon e lectrode us ing  tw o  d iffe re n t techniques; e lectrochem ica l m o d ific a tio n  or 
m o d ific a tio n  by  leav ing  the G C E in  the m o d ific a tio n  so lu tion  at open c irc u it 
ove rn igh t, w ith  the fo rm e r be ing chosen as the op tim um  m ethod [71 ]. A  250 m V  sh ift 
in  o x id a tio n  po ten tia l was achieved and the m ethod em ployed in  am perom etric  
detection  in  f lo w  in je c tio n  analysis, w ith  a l im it  o f  detection o f  0.3 (xm ol/L . I t  was 
also possib le  to se lec tive ly  determ ine A A  in  the presence o f  u ric  acid at th is  surface. 
A  m ethy lene  green m o d ifie d  carbon paste e lectrode was shown to p rov ide  ca ta ly tic  
a c tiv ity  and s ta b ility  tow ards A A  o x id a tio n  in  f lo w  in je c tio n  analysis b y  lo w e rin g  the
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ox id a tio n  overpo ten tia l by 400 m V  [72 ], The sensor was se lective against a num ber 
o f  in terfe rents, a lthough cysteine and N A D H  d id  in te rfe re  due to th e ir o x id a tio n  at the 
app lied  po ten tia l o f  0.5 V . The l im it  o f  detection  was 1 x  10 ‘ 8 m o l/L  w ith  a linear
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range fro m  5 x 1 0 "  m o l/L  to 1 x  10" m o l/L . A n  in d ire c t detection m ethod based on 
the b iam perom etric  detection  o f  iod ine , w h ic h  was consumed upon reaction  w ith  A A  
in  ac id ic  m ed ium  [73 ], The am ount o f  iod ine  consumed in  the redox reaction  was 
p ro p o rtio n a l to the am ount o f  A A  in  the sam ple (orange ju ice ), and was detected at 
tw o  (u n m o d ifie d ) p la tin u m  electrodes w ith  a po la rised  po ten tia l o f  100 m V  app lied  
between them.
The above exam ples are (m a in ly ) based on the m o d ific a tio n  o f  carbon based 
electrodes. H ow ever, go ld  electrodes have also been w id e ly  used in  the de te rm ina tion  
o f  ascorbic acid. S im p le  so lid  w ire  go ld  m ic ro d isc  electrodes (core =  5 pm , o.d. =  15 
| im ) were used fo r  the dete rm ina tion  o f  v ita m in  C in  fru it  ju ice s  [74 ], The 
m icroe lectrodes were used in  the de te rm ina tion  o f  A A  in  bu ffe red  so lu tions, fru it  
ju ices  and d ire c tly  in  fru it ,  w ith  results com paring  favo u ra b ly  w ith  H P L C  and 
io d o m e tric  results. H ow ever, the linea r range was qu ite  sm all (1 to 5 m m o l/L ) thus 
lim it in g  these electrodes fo r  usage in  samples con ta in ing  qu ite  h ig h  concentrations o f  
A A . A  C 6 o -[d im e thy l-((3 -c yc lo d e x tr in ) ] 2  and N afion®  chem ica lly  m o d if ie d  electrode 
was prepared b y  so lu tion  casting on a go ld  electrode [75 ]. R eduction  o f  the f i lm  in  
K O H  so lu tion  resulted in  a sm oother and m ore  hom ogeneous f i lm  (as determ ined by 
S E M ) and a g rea tly  im proved  response to A A , w ith  a reduction  in  the overpo ten tia l o f  
350 m V , com pared to  a bare go ld  electrode. There was, how ever, a s ign ifican t 
decrease in  the peak po ten tia l (C V ). The m o d ifie d  e lectrode was capable o f  
se lec tive ly  de te rm in ing  A  A  and dopam ine, bu t as in  [70 ], the concentra tion  o f  
dopam ine (2 x  10 ' 3 m o l/L )  was m uch h igher than that ty p ic a lly  observed in  b io lo g ica l 
samples. N o  app lica tio n  to  a real sample was p rovided.
A  “ se lf-doped”  p o lya n ilin e  laye r was e lectrodeposited onto a go ld  m icrod isc  
e lectrode and the m o d ifie d  sensor used in  the am perom etric measurem ent o f  ascorbic 
ac id  in  b u ffe r so lu tion  (p H  7) at 0.1 V  (vs. SCE) [76 ], The f i lm  was prepared by the 
co -p o lym e risa tio n  o f  an ilin e  and o-am inobenzo ic  acid, in  w h ich  ionogen ic  groups, 
(C O O H ), w ere  inserted in to  the p o lym e r chain. The l im it  o f  detection was 2 |o,mol/L 
and the m ethod was app lied  to  the de te rm ina tion  o f  A A  in  v ita m in  C tablets, w ith  
good co rre la tion  between the standard io d o m e tric  procedure obtained. A  s im ila r
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procedure in v o lv in g  the e lectrochem ica l copo lym erisa tio n  o f  3 ,4 -d ihyd ro xybenzo ic  
acid and an iline  on a go ld  m icrod isc  e lectrode was carried out by  Sun et al. [77 ], 
A ga in , the p o lym e r was se lf-doped (w ith  -C O O H  and - O H  groups) and i t  exh ib ited  
stable e le c tro a c tiv ity  in  neutra l and w e a k ly  basic m edia. The overpo ten tia l fo r  A A  
o x id a tio n  was reduced by  200 m V  and a detection  l im it  o f  5 x  10 ’ 5 m o l/L  obtained 
w ith  am perom etry  at +0 .2  V  in  p H  7.0 b u ffe r so lu tion .
P la tinum  m o d ifie d  go ld  electrodes w ere prepared fro m  conven tiona l com pact 
discs (C D s), by  cu tting  the CDs in to  12 slices, rem ov ing  the p ro tec tive  p o lym e ric  
f ilm s  w ith  n itr ic  acid, and then app ly ing  a laye r o f  e lectrodeposited p la tin u m  [78 ], 
Thus prepared electrodes were m uch m ore sensitive  to  A A  o x id a tio n  than the bare C D  
go ld  electrodes and w ere em ployed in  the am perom etric  detection o f  A A  (at +0.40 V
o
in  pH  4.0 m ed ium ) in  f lo w in g  in je c tio n  analysis, w ith  a l im it  o f  detection o f  7.8 x  10’ 
m o l/L . The procedure was applied to the de te rm ina tion  o f  A A  leve ls in  some 
pharm aceutica l fo rm u la tions  and com pared w e ll to  the standard io dom e tric  titra tio n  
m ethod. The same group app lied  an array o f  go ld  m icroelectrodes, obta ined  fro m  an 
e lec tron ic  in tegra ted c irc u it ch ip , and m o d ifie d  by e lectrodeposition  o f  p la tinum , 
p a lla d iu m  o r a m ix tu re  o f  p la tin u m  +  p a llad iu m , in  con junc tio n  w ith  m u ltiva ria te  
ca lib ra tio n  fo r  f lo w  in je c tio n  am perom etric  sim ultaneous de term ina tion  o f  ascorbic 
acid, dopam ine, ep inephrine and d ipyrone  [79 ], Each o f  the m o d ifie d  m icroe lectrodes 
gave a response to  each o f  the fo u r analytes, w ith  +0.5 V  chosen as the op tim um  
operating  po ten tia l fo r  am perom etric  analysis. The m ethod was successfu lly  applied 
in  the sim ultaneous de te rm ina tion  o f  a ll fo u r analytes in  bu ffe red  m ed ium . G o ld  
electrodes m o d ifie d  w ith  ca tion ic  self-assem bled m onolayers o f  2 ,2 '-d ith iob ise thane- 
am ine (C Y S T ) and 6 ,6 '-d ith iob ishexaneam ine  (D T H ) were used in  the de te rm ina tion  
o f  A A  at leve ls dow n  to  0.3 (am ol/L [80 ], The o x id a tio n  o f  A A  at bo th  m o d ifie d  
electrodes occurred at po ten tia ls  app rox im a te ly  450 m V  less negative than at the bare 
e lectrode, w h ile  the o x id a tio n  current was h ighest at the C Y S T  m o d ifie d  go ld  
electrode. I t  was also possib le to em p loy  th is  sensor in  the s im ultaneous 
de te rm ina tion  o f  A  A  and dopam ine.
A  batch in je c tio n  analysis system e m p loy ing  an autom atic m ercury  e lectrode 
in  the am perom etric  m ode at +0.23 V  vs. A g /A g C l in  p H  4.8 acetate b u ffe r so lu tion  
was used fo r  the de te rm ina tion  o f  ascorbic acid in  packed /  canned tro p ica l f ru it  
ju ices , w ith  a de tection  l im i t  o f  2.5 | im o l/L  [81 ]. A  sessile m ercury d rop  electrode
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was used in  f lo w  in je c tio n  am perom etric de te rm ina tion  o f  ascorbic acid at +0.19 V  
(vs. SCE) in  p H  5.5 acetate b u ffe r [82 ], T h is  e lectrode was also capable o f  
s im u ltaneous ly  de te rm in ing  A A  and dopam ine. A lth o u g h  m ercury  electrodes can be 
used to  determ ine A A , there are ve ry  fe w  recent reports (1990 onw ards) o f  A A  
de te rm ina tion  at such electrodes. Th is is p robab ly  due to  the d if f ic u lty  in  hand ling  
m ercury  electrodes, its  w e ll-k n o w n  to x ic ity , and the in a b ility  to  carry  ou t in vivo 
analysis w ith  these electrodes.
4.4.3 Electrochemical Methods in Physiological Media
U rin a ry  ascorbate re flects  recent d ie ta ry  intake. E xc re tion  in  hea lthy in d iv id u a ls  is 
estim ated at >  50 m g/day [83 ], M any  e lectrochem ica l methods have been developed 
fo r  m easuring A A  in  urine. A  glassy carbon electrode m o d ifie d  w ith  d iphen y l am ine 
was used in  the de te rm ina tion  o f  A A  in  (d ilu te d ) u rine  samples at leve ls dow n  to 
0.2 m g /L  (1.14 f im o l/L )  [84 ], A  conventiona l, u n m o d ifie d  ro ta ting  glassy carbon 
e lectrode in  square w ave or d iffe re n tia l pulse m ode was used fo r  the sim ultaneous 
de te rm ina tion  o f  A A  and u r ic  acid in  u rine  [85 ], D ilu t io n  o f  the u rine  sample was 
found  to exert a s ig n ifica n t e ffec t on the po ten tia l fo r  A A  (and u r ic  acid) o x id a tio n  
e.g., fo r  D P V  at p H  5.1, in  pure e lec tro ly te  (0 .2  m o l/L  acetate b u ffe r), Ep (A A )  =  
181 m V , in  1:205 d ilu te d  urine , Ep (A A )  = 1 8 8  m V , 1:20 d ilu t io n  YLp (A A )  =  258 m V . 
The detection  l im i t  in  u rine  was found  to be 3 ( im o l/L .
A  s im ila r array o f  go ld  m icroe lectrodes to those in  [79 ], and m o d ifie d  w ith  
pa lla d iu m , was em p loyed  in  f lo w  in je c tio n  ana lys is-am perom etric  de te rm ina tion  o f  
ascorbic and u r ic  acids in  u rine  [ 8 6 ], A n  opera ting  po ten tia l o f  +0.55 V  (vs. A g /A g C l 
in  0.05 m o l/L  m onoch lo roace tic  acid) was chosen fo r A A  measurements and a linear 
range o f  0.44 to  2 .64 m g /L  (2.50 to 15.0 (am ol/L) and a se n s itiv ity  o f  53.2 n A -L /m g  
w ere obtained. G lu ta m ic  acid  was used in  the cova len t m o d ific a tio n  o f  a glassy 
carbon electrode [87 ]. The m o d ifie d  electrode was used in  the sim ultaneous 
de te rm ina tion  o f  ascorb ic ac id  and u ric  acid, and was observed to  e x h ib it a strong 
e lec troca ta ly tic  e ffec t on  bo th  analytes, reduc ing  th e ir o x id a tio n  overpo ten tia ls  by 
app rox im a te ly  0.2 V  and 0.3 V , respective ly . The detection l im it  fo r  ascorbic acid 
was 0.92 ( im o l/L  and the sensor was successfu lly app lied  in  A  A  measurements in  
d ilu te d  u rine  ( 1 :8 . 8  d ilu tio n ).
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A sco rb ic  acid concentrations in  the b ra in  are be lieved  to  be in  the order o f  100 
to 500 j im o l/L  [ 8 8 ], A A  has a range o f  general an tiox ida n t and spec ific  
neurochem ica l functions, and can fu n c tio n  as a co fac to r fo r  the enzym atic  convers ion 
o f  dopam ine to  no rep inephrine  b y  dopam ine-/?-hydroxylase. Hence, its  concentra tion  
and secretion have been studied extensive ly. D ire c t e lectrochem ica l m ethods (in vivo  
vo lta m m e try ) p rov ide  the m ost conven ient too ls  fo r  these studies, and genera lly  
in vo lve  the use o f  carbon paste or carbon fib re  electrodes. The fo rm e r have been 
found  advantageous over the la tte r in  in vivo measurements in  bra in , as the presence 
o f  lip id s  in  the sample cou ld  reverse po ison ing  caused by  p ro te in  [89 ]. The lip id  
m olecules appeared to  have a cleaning e ffec t on the carbon paste electrodes (CPEs) by  
rem ov ing  pasting  o il and adsorbed pro te ins fro m  the surface o f  the electrode. I t  
should be noted tha t the carbon fib re  electrodes em ployed in  th is  w o rk  were 
u n m o d ifie d  (ju s t activated). The same group carried  ou t characterisation o f  CPEs in 
vitro fo r  s im ultaneous am perom etric  m easurem ent o f  changes in  oxygen and ascorbic 
ac id  concentrations in vivo [90 ], L ip id  treated CPEs (prepared by  contact o f  the CPE 
w ith  b ra in  tissue) were fo u n d  to  be se lective (in v itro ) fo r  A A  and 0 2 measurements, 
w h ile  in vivo  ( in  ra t b ra in ) experim ents were successful in  m o n ito rin g  the response o f  
the ra t ( in  term s o f  changes in  A A  and O 2  in  the b ra in ) to  the “ ta il p in ch ”  stim ulus. 
E x tra ce llu la r b ra in  ascorbate was determ ined in vivo in  rats us ing  a carbon paste 
e lectrode he ld  at an opera ting  po ten tia l o f  +250 m V  [91 ]. The CPE was attached to  a 
m ic ro d ia lys is  probe (to ta l d iam eter 0 . 8  m m ) th rough  w h ic h  various concentrations o f  
A A  were infused. The sensor responded to  changes observed w hen  the rats were 
stim u la ted  (m o v in g ) and to  add itions (perfus ions) o f  ascorbate so lu tion . A sco rb ic  
acid (and some other analytes) were m on ito red  in  patients su ffe ring  fro m  tw o  
d iffe re n t fo rm s o f  ep ilepsy using in situ m ic ro vo lta m m e try  at a carbon paste 
m icroe lec trode  [92 ], A A  was determ ined in  o n ly  one o f  the patients at a 
concentra tion  o f  0.1 p m o l/L .
Carbon fib re  electrodes, due p a rticu la rly  to  th e ir sm all size, have also been 
w id e ly  used in  in vivo analyses. A  p o ly (su lp h o sa licyc lic ) acid m o d ifie d  CF electrode 
(d =  15 pm ) was used fo r  de te rm in ing  A  A  (and 5-hyd roxy indo le -3 -ace tic  acid) in  ra t 
s tria tum  [93 ]. In vitro experim ents us ing D P V  showed the e lec troca ta ly tic  e ffec t o f  
the m o d ific a tio n  laye r on ascorbic acid ox ida tion , by  reduc ing  the o x id a tio n  
overpo ten tia l to  -0 .0 3  V  (vs. A g /A g C l at p H  7.4). A  A  concentra tion  in  in vivo
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measurements was 215 ±  5 ( im o l/L . C a h ill and W igh tm an  m on ito red  the 
sim ultaneous secretion o f  ascorbate and catecholam ine fro m  in d iv id u a l bov ine  
m e d u lla ry  ce lls us ing  tw o  CF electrodes, one untreated and encased in  p o lym e r and 
the other treated by  e lectrochem ica l o x id a tio n  [94 ], The untreated CF and treated 
sensors were he ld  at +0.65 V  and +0.05 V  (bo th  vs. SSCE) and w ere used fo r the 
detection  o f  catecholam ine and ascorbate, respective ly. Experim ents  w ith  the 
m edu lla ry  ce lls revealed tha t bo th  analytes are released fro m  d iffe re n t ce ll 
com partm ents.
The above exam ples deal w ith  analyses in  u rine  and bra in  f lu id  on ly . D espite  
a tho rough  search o f  the lite ra tu re , there does no t seem to be any repo rt o f  a sensor 
(m acro- o r m ic ro -) fo r  d irec t de te rm ina tion  o f  ascorbic acid in  gastric ju ice .
4.5 Selective Determination o f  Ascorbic A cid  in Gastric Juice at a Nickel
Oxide,Ruthenium Hexacyanoferrate-M odified Carbon Fibre Cylinder 
M icroelectrode
4.5.1 Experimental
4.5.1.1 A ppara tu s
C y c lic  vo lta m m e tric  and am perom etric  measurements w ere perfo rm ed  using a 
m odu la r e lec trochem ica l system  (A u to lab , Eco Chem ie, The N etherlands), equipped 
w ith  a poten tiosta t P G S T A T 10  and d riven  b y  GPES 4.8 softw are (Eco Chem ie). For 
b u lk  vo lta m m e tric  experim ents, a bare o r m eta l-hexacyanoferrate m o d ifie d  carbon 
fib re  cy lin d e r m icroe lec trode  (C F C M E ) (7 fim  in  d iam eter) served as the w o rk in g  
electrode, w ith  an A g /A g C l(sa td . KC1) and a p la tin u m  w ire  acting  as the reference and 
a u x ilia ry  electrodes, respective ly . A  glassy carbon electrode was used as substrate fo r  
op tica l m icroscopy. A  labora to ry-m ade glassy carbon disc electrode w ith  rem ovable 
G C disc served as substrate fo r  S E M  and A F M  experim ents. A  labora tory-m ade d ip - 
coa ting  device was em ployed fo r  coating  o f  the m o d ifie d  carbon fib re  w ith  ce llu lose 
acetate.
Scanning e lectron m ic roscopy  (S E M ) w ith  energy d ispersive x -ra y  analysis 
(E D X ) experim ents were perfo rm ed  using a H ita ch i S 3000N  Scanning E lec tron
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M icroscope  (H ita ch i, Japan), equipped w ith  a L in k  Isis E nergy D ispers ive  
Spectrom eter (O x fo rd  Instrum ents, U K ). A to m ic  fo rce  m icroscopy (A F M ) was 
carried ou t e m p loy ing  a D ig ita l Instrum ents D im ens ion  3100 A to m ic  Force 
M icroscope  (Veeco).
4.5.1.2 Reagents and Solutions
A sco rb ic  acid, n ic k e l( I I)  su lfate-hexahydrate, iro n ( I I I )  n itra te-nonahydrate , co b a lt( II)  
n itra te-hexahydrate  and glucose were obta ined fro m  K e m ika  (Zagreb, C roatia). 
C h ro m iu m (III)  n itra te-nonahydra te  was obta ined fro m  M erck . R u th e n iu m (III)  
ch lo ride  was obta ined fro m  S igm a (G erm any), w h ile  potassium  hexacyanoferrate ( I I I )  
was obta ined fro m  F luka  (Buchs, S w itzerland). Potassium  hexacyanocobaltate was 
obta ined fro m  A ld r ic h  (D orset, U K ). 5%  N afion®  in  low e r a lipha tic  a lcoho l so lu tion  
and ce llu lose  acetate w ere purchased fro m  A ld r ic h  (M ilw a u ke e , U S A ). P ro te in  
standard, ly o p h iliz e d  (1.32 m g /m L  p ro te in ) was obta ined fro m  B io -R ad , C a lifo rn ia , 
U S A . A l l  chem icals em ployed in  th is  w o rk  were o f  ana lytica l-g rade p u r ity  and were 
used as received. G astric  ju ic e  was obtained fro m  a hea lthy vo lunteer. W ate r used to 
prepare a ll so lu tions was f irs t  de-ion ized and then fu rth e r p u r if ie d  v ia  a M i l l i - Q  u n it 
(M illip o re , B ed fo rd , M A , U S A ).
A sco rb ic  ac id  standard so lu tions (0.1 m o l/L )  were prepared d a ily  by 
appropria te  d ilu t io n  and w ere stored in  a re frige ra to r w hen no t in  use.
4.5.1.3 Fabrication of Carbon Fibre Cylinder Microelectrodes
The carbon fib res  w ere in it ia l ly  cleaned by  son ica tion  fo r  5 m inutes each in  acetone, 
1:1 (v /v )  n itr ic  acid and in  de-ion ised water. The carbon fib res were then le ft to d ry  in  
a ir and stored in  a closed box. A  cleaned sing le carbon fib re  (7 [im  in  diam eter, 2-3 
cm  in  length , G o o d fe llo w  Co., O x fo rd , U K )  was attached to  a copper w ire  us ing  s ilve r 
pa in t (SPI Supplies, W est Chester, P A , U S A ) and inserted in to  a glass ca p illa ry  tube 
(7 cm  in  length , Euroglass, L ju b lja n a , S lovenia). A  fm e -p u llin g  technique e m p loy ing  
a m icroe lec trode  p u lle r (PP-830, N arish ige , T okyo , Japan), was app lied  fo r  a stepwise 
th in n in g  o f  the glass ca p illa ry  w ith  a concurren t d irec t sealing o f  the glass /  fib re  
in te rface  leav ing  2-4 m m  o f  the carbon fib re  p ro tru d in g  at the pu lled  end. F o llo w in g  
the p u ll in g  step, the stem  end o f  the glass ca p illa ry  was sealed b y  casting a drop o f  
n on -cond uc ting  epoxy resin. F in a lly , the exposed carbon fib re  was cu t us ing a
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m ic rosu rg ica l scalpel blade (app rox im a te ly  200-500 p m ) to  a leng th  o f  app rox im a te ly  
1 m m . The resu lting  C F C M E s were inspected o p tic a lly  us ing  an inverted  m icroscope 
(Ec lipse , N ik o n , T o kyo , Japan) and e lec trochem ica lly  ( in  1 x  10"3 m o l/L  fe rricyan ide  
in  0.1 m o l/L  KC1 so lu tion ). Such prepared C F C M E s w ere stored in  a sealed box p r io r  
to  use. F igure  1.16 in  C hapter One shows a schem atic o f  a C F C M E , tw o  photographs 
o f  the C F C M E  and an S E M  m icrograph  o f  the ju n c tio n  between the carbon fib re  and 
the glass housing.
4.5.1.4 Modification of CFCMEs with Metal Hexacyanoferrates
P rio r to  m o d ifica tio n , a C F C M E  was e lec trochem ica lly  pretreated in  acetone and 1:1 
(v /v )  n it r ic  acid and f in a lly  in  0.1 m o l/L  KC1 so lu tion  by  c y c lin g  between 0 and 
+1 .0  V  at a scan rate o f  100 m V /s  u n til a steady state curren t-vo ltage  p ro file  was 
obta ined. The C F C M E  was th o ro u g h ly  rinsed w ith  d o u b ly  de-ion ised w a te r a fte r each 
step and was then ready fo r  use.
P re lim in a ry  experim ents in vo lve d  the deposition  o f  m ixe d  m eta l 
hexacyanoferrates on the C FC M E s. Iro n -ch ro m iu m  hexacyanoferrate was g row n  on a 
C F C M E  in  a 0.1 m o l/L  KC1 so lu tion  con ta in ing  5 x  10'4 m o l/L  potassium  
hexacyanoferrate ( I I I ) ,  1 x  10‘4 m o l/L  iro n ( I I)  n itra te  and 1 x  10 '4 m o l/L  
c h ro m iu m (III)  n itra te  by  a continuous scanning o f  the po ten tia l between 0 and +1 .0  V  
at a scan rate o f  100 m V /s  u n til the desired num ber o f  coatings were achieved. Iro n - 
ch ro m iu m  (1 -3 ) hexacyanoferrate was deposited using the above so lu tion , bu t w ith  a 
C r(N O a ) 3  concentra tion  o f  3 x  10'4 m o l/L .
Iro n -n ic k e l hexacyanoferrate, iro n -ru th e n iu m  hexacyanoferrate and coba lt- 
ru th e n iu m  hexacyanoferrate w ere deposited fro m  0.1 m o l/L  so lu tions con ta in ing  5 x  
10'4 m o l/L  K 3 F e (C N ) 6  and 1 x  10'4 m o l/L  o f  the respective salts (Fe; F e (N 0 3 )3, N i;  
M S O 4 , R u ; RuC13 and C o; C o (N 0 3 ) 2 ) in  1:1 ratios. D e pos ition  o f  iro n -ru th e n iu m  
hexacyanocobalta te was accom plished using a so lu tion  cons is ting  o f  5 x  10"4  m o l/L  
K 3 C o (C N )6 , 1 x  10'4 m o l/L  F e (N 0 3 ) 3  and 1 x  10"4 m o l/L  RuC13. The same 
e lectrochem ica l p rocedure as above was applied.
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4.5.1.5 Modification of CFCMEs with NiO,Ru.HCF and Variants
F or the tw o  step deposition  o f  n icke l ox ide ,ru then ium  hexacyanoferrate 
(N iO ,R u H C F ), the C F C M E  was ga lvanosta tica lly  activated by  im m ers ion  in  1.14 
m o l/L  N iS 0 4 .6 H 2 0  in  1.18 m o l/L  H 3BO 3 aqueous so lu tion  and app lica tio n  o f  a 
current o f  0.4 f iA  fo r  10 s (corresponding to an app lied  current o f  0.002 A /c m  ), 
w hereupon the po ten tia l observed was app rox im a te ly  2.3 V . The ru then ium  
hexacyanoferrate (R uF lC F) f i lm  was e lec trochem ica lly  g row n  on the n icke l ox ide  
m o d ifie d  C F C M E  in  a m o d ific a tio n  so lu tion  cons is ting  o f  0.1 m o l/L  KC1 con ta in ing  
4 x  10 ‘3 m o l/L  HC1, 2 x  10'4 m o l/L  K 3[F e (C N )6], and 1 x  10‘4 m o l/L  RuC13 by  cyc lin g  
the p o ten tia l between 0.0 and +1.0  V  at a scan rate o f  100 m V /s  u n til a desired 
coverage was obta ined (22 C V  runs unless o therw ise stated).
The n icke l ox ide  m o d ifie d  electrode was obta ined by  p e rfo rm in g  the f irs t  stage 
o f  the p revious m ethod (i.e. ga lvanostatic ac tiva tion  alone). N ic k e l hexacyanoferrate 
(N iH C F ) (a), R uH C F  (b) and n icke l-ru th e n iu m  hexacyanoferrate (N iR u H C F ) (c) were 
obta ined b y  cyc lin g  the C F C M E  in  a so lu tion  consisting  o f  0.1 m o l/L  KC1 con ta in ing  
4 x  10‘3 m o l/L  HC1, 2 x  10 4 m o l/L  K.3 [F e (C N )6 ], and 1 x  10"4 m o l/L  RuC13 (a) o r 1 x  
10'4 M  N iSC >4 (b) o r bo th  in  a 1:1 ra tio  (c) and app ly ing  the same e lectrochem ica l 
procedure as above .
4.5.1.6 Further Modification of NiO,RuHCF-Modified Electrode
N afion®  o r ce llu lose acetate p ro tec tive  membranes w ere p rog ress ive ly  developed on 
the surface o f  the N iO ,R u H C F  m o d ifie d  C F C M E  by im m ers ing  the m o d ifie d  C F C M E  
several tim es in to  a 1% N afion®  a lcoho lic  so lu tion  or 1:1 (v /v ) cyclohexanone- 
acetone so lu tion  con ta in ing  1% ce llu lose acetate, respective ly , us ing  a labora to ry  
made d ip -coa ting  device (speed o f  d ip p in g  =  0.034 cm /s). A fte r  each d ipp ing , the tip  
was a llo w e d  to  d ry  in  a ir at room  tem perature fo r  app rox im a te ly  10 m inutes. S ix  
layers o f  ce llu lose acetate were em ployed fo r  the de te rm ina tion  o f  ascorbic acid in  
gastric  ju ice .
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4.6.1 Some Preliminary Results for Ascorbic Acid Oxidation at 
Metal Hexacyanoferrate Modified CFCMEs
The in te res ting  and pos itive  results obta ined fo r various analytes at m etal 
hexacyanoferrate m o d ifie d  electrodes (S ection  4.3), and the apparent requ irem ent fo r  
a sensor suitable fo r  d irec t measurements o f  ascorbic acid in  gastric ju ic e  (Section  
4 .2 .3), p rom pted  an inves tiga tio n  on the deve lopm ent o f  such a sensor based on these 
m o d ific a tio n  layers. A lth o u g h  m any such layers were tested in  th is  study, none 
approached the desired properties o f  a sensor fo r  ascorbic ac id  in  ac id ic  m edium . 
Some o f  the p re lim in a ry  results obta ined in  th is  study are presented in  th is  section. 
One such laye r consisted o f  iro n  and ch ro m iu m  hexacyanoferrate (F eC rH C F ), w h ic h  
is show n in  F igu re  4.4 A , in  ad d itio n  to  the response o f  ascorbic ac id  at th is  m o d ifie d  
C F C M E  (F igu re  4.4 B ).
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Figure 4.4: (A) Repetitive cyclic voltam m ogram s at the CFCM E in a solution  
containing 0.1 mmol/L Fe(NOs)3 +  0.1 mmol/L Cr(N 03)3 + 0.5 mmol/L Ki(FeCN )e in 
0.1 mol/L KC l; scan rate 100 mV/s; scan range 0.0 to + 1 .0  V; and (B) Cyclic 
voltam m ogram s o f  (a) 0.01 mol/L H C l and (b) a  + 1 mmol/L ascorbic acid.
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A lth o u g h  ch rom ium  hexacyanoferrate has been reported fo r  the de te rm ina tion  o f  
hydrogen pe rox ide  [34 ], th is  existence o f  such a layer has been d isputed by K a rya k in  
[1 9 ], w ho  c la im ed tha t i t  was m ore l ik e ly  tha t Prussian B lue  layers had been 
synthesised d u rin g  the deposition  step. I t  seems lik e ly  tha t th is  has also occurred in  
the experim ents here, as the redox couples present at app rox im a te ly  +0.25 V  and 
+0.90 V  (F igu re  4.4 A )  w ere qu ite  s im ila r  to  those found  fo r  PB (bo th  in  term s o f  
po ten tia l and peak shape) [19 ]. In  add ition , i t  has been found  tha t C r3+ ions do no t 
g ive  any appreciab le p rec ip ita te  w ith  e ithe r fe rricyan ide  o r fe rrocyan ide  ions [19]. 
A n d , since du ring  deposition  in  th is  case, the app lied  po ten tia l was a lw ays h igher than
O I | Q I I
0 V , C r cannot be reduced to  C r as the C r redox po ten tia l is -0 .6  V . A sco rb ic  
acid was, as expected (cons idering  reports o f  its  m easurem ent at PB m o d ifie d  
electrodes [2 3 ]), ox id isab le  at th is  surface (F igu re  4.4 B ), bu t there was no reduction  
in  the ove rpo ten tia l fo r  the o x id a tio n  reaction  and hence, th is  surface was deemed to 
show  no advantage over the perform ance o f  a bare carbon fib re  electrode.
D u rin g  investiga tions in v o lv in g  the m ixe d  m eta l hexacyanoferrates, the ra tios 
o f  the va rious  m etals in  the deposition  so lu tion  were also va ried  in  order to  assess i f  
th is  o ffe red  any advantage (i.e. reduc tion  in  o x id a tio n  overpo ten tia l) fo r  de te rm ina tion  
o f  ascorb ic acid. F igure  4.5 shows an exam ple o f  such an experim ent, in  w h ich  the 
ra tio  o f  iro n  to  ch rom ium  was changed to 1:3. I t  was obvious here tha t the fo rm a tio n  
o f  the f i lm  was som ewhat d iffe re n t to tha t in  F igure  4.4. The w e ll-d e fin e d  couple at 
a p p rox im a te ly  +0.25 V  in  F igu re  4.4 has been replaced by  a d iffe re n t, ill-d e fin e d  
couple w ith  a m id -p o te n tia l o f  app rox im a te ly  +0.16 V . The o ther couple was s im ila r 
in  shape to  tha t obta ined in  F igu re  4.4, a lthough the m id  po ten tia l sh ifted  to 
a p p rox im a te ly  +0.70 V . H ow eve r, th is  f i lm  was s t i l l  s im ila r to  tha t o f  Prussian B lue, 
and suggested tha t ju s t as in  the p revious case, Prussian B lue  and no t iro n -ch ro m iu m  
hexacyanoferrate was deposited. I t  seemed tha t an increased leve l o f  ch rom ium  in  the 
so lu tio n  exerted some e ffec t upon  the deposition  o f  the f i lm , poss ib ly  b y  inco rpo ra tion  
o f  some sm a ll am ount o f  the sm alle r ch rom ium  ions (C r =  0.65 A ; Fe =  0.75 A )  in to  
the f i lm  structure. The o x id a tio n  po ten tia l fo r  ascorbic acid ac tua lly  increased w ith  
th is  f i lm  (F igu re  4.5 B ), w h ic h  is undesirab le as in terference fro m  other com ponents 
in  gastric  ju ic e  w o u ld  be co rrespond ing ly  increased.
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Figure 4.5: (A) Repetitive cyclic voltam m ogram s a t the CFCM E in a solution  
containing 0.1 mmol/L Fe/NOjJs + 0.3 mmol/L Cr(NOs)3 + 0.5 mmol/L K^FeCN)^ in 
0.1 mol/L KCl; scan rate 100 mV/s; scan range 0.0 to +1.0 V; and (B) Cyclic  
voltam m ogram s o f  (a) 0.01 mol/L H C l and (b) a + 1 mmol/L ascorbic acid.
As mentioned in Section 4.3, electrodes modified with nickel hexacyanoferrate 
layers have found applications in the detection of several analytes (ascorbic acid, 
potassium cations). Reddy et al. reported the electrochemical behaviour of mixed 
iron-nickel hexacyanoferrates on a graphite electrode, in which they determined that 
mixed crystals of Fe-Ni hexacyanoferrate were formed, with the nitrogen-coordinated 
iron being replaced by nickel in the lattice [24], Figure 4.6 shows the deposition of an 
iron-nickel hexacyanoferrate film, and the oxidation of ascorbic acid at this electrode. 
The shape of the cyclic voltammogram in Figure 4.6 A reveals that it is likely that a 
film other than Prussian Blue has been deposited. The formal potentials of the largest 
couple -  at approximately +0.67 V for a 1:3 mixture of Fe:Ni and +0.78 V for 1:1 
Fe:Ni (Figure 4.6 A inset), correspond to those obtained by Reddy at +0.64 V and 
+0.74 V, respectively. The slight differences in potential may be attributed to 
differences in the modification solutions, or to the use of different electrode surfaces 
(graphite and carbon fibre).
193
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Figure 4.6: (A) Repetitive cyclic voltam m ogram s at the CFCM E in a solution  
containing 0.1 mmol/L Fe(NOs)s + 0.3 mmol/L NiSO 2 + 0 . 5  mmol/L Ks(FeCN)(, in 
0.1 mol/L KCl; scan rate 100 mV/s; scan range 0.0 to +1.0  V; inset: 10th cycle a t the 
CFCM E o f  a solution containing 0.1 mmol/L Fe(NOs)3 + 0.1 mmol/L M SO 2 + 
0.5 mmol/L K^FeCN)^ in 0.1 mol/L KCl; scan rate 100 mV/s; scan range 0.0 to +1.0  
V; and (B) Cyclic voltam m ogram s o f  (a) 0.01 mol/L H Cl an d  (b) a  + 1 mmol/L 
ascorbic acid  a t Fe:Ni (1:3) H C F  m odified CFCME.
From Figure 4.6, it was evident that besides having Fe and Ni in definite ratios, there 
also existed a certain amount of pure Prussian Blue, as evidenced by the 
electrochemical response of low-spin iron of PB separate from the signal for the 
mixed compound. No such couple was present in a cyclic voltammogram of nickel 
hexacyanoferrate (not shown). In addition, it was observed that increasing the 
proportion of nickel in the film caused a peak at approximately +0.55 V, with a 
corresponding decrease in the oxidation signal at approximately +0.29 V. This may 
be due to the replacement of this low-spin iron by nickel ions as they have similar 
ionic radii (Fe 0.75 A, Ni 0.78 A). Figure 4.6 B shows results obtained for ascorbic 
acid oxidation at an iron-nickel hexacyanoferrate (in a 1:3 ratio) modified CFCME.
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This modification layer did not produce any shift in the overpotential for ascorbic acid 
oxidation, although it was evident that the modified CFCME was active towards AA.
Figure 4.7 A shows repetitive cyclic voltammograms obtained during the 
formation of iron-ruthenium hexacyanoferrate. Such a film was previously reported 
by Cataldi et al. [95], However, it seems that the film displayed in Figure 4.7 did not 
correspond to iron-ruthenium hexacyanoferrate, as the cyclic voltammograms differed 
considerably from those found in [95].
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Figure 4.7: (A) Repetitive cyclic voltam m ogram s a t the CFCM E in a solution  
containing 0.1 mmol/L Fe(NOs)3 + 0.1 mmol/L RuCls + 0.5 mmol/L K.3(FeCN)6 in 0.1 
mol/L KC l; scan rate 100 mV/s; scan range 0.0 to +1.0  V; and (B) Cyclic 
voltam m ogram s o f  (a) 0.01 mol/L H C l and (b) (a) + 1 mmol/L ascorbic acid.
This difference may be attributed to the different potential ranges employed during 
cycling and differences in the pH of the deposition solution (it was probable that the 
solution employed in Figure 4.7 A was not sufficiently acidic, leading to hydrolysis of 
the ruthenium ions). It may assumed, however, that the deposited film was not solely 
pure Prussian Blue from the presence of a feature at approximately +0.30 V, which is 
absent in PB and also the difference in the redox couple at +0.89 V. In addition, the
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markedly different behaviour of ascorbic acid at this film, compared to that at pure 
Prussian Blue, confirmed the presence of a mixed-metal hexacy ano ferrate film. It is 
possible that Fe ions (0.75 Á) have been replaced to some extent by the smaller Ru 
ions (0.65 Á). Again, as with the other films, no shift in the overpotential for A A  
oxidation is observed at this particular modification layer.
Although cobalt hexacyanoferrate (CoHCF) modified electrodes have been 
used in the determination of a variety of analytes (e.g., ascorbic acid, glutathione), 
their stability has been disputed and ruthenium has been employed in their 
stabilisation [41], The resulting ruthenium-modified CoHCF thin film electrode was 
shown to be extremely stable. Mixed metal hexacyanoferrates incorporating cobalt as 
one of the metal ions have also been reported, e.g., cobalt-copper [35], nickel-cobalt 
[96]. Considering these reports, the possibility of using a ruthenium-cobalt 
hexacyanoferrate (RuCoHCF) modified electrode for the determination of ascorbic 
acid under acidic conditions was investigated, the results of which are displayed in 
Figure 4.8.
The cyclic voltammograms of the RuCoHCF film exhibited remarkably 
similar behaviour to that observed for CoHCF films reported by several authors. The 
presence of two redox couples at approximately +0.51 Y  and +0.70 V  were 
comparable to those found by Chen [97] of +0.49 V  and +0.61 V  (the supporting 
electrolyte here was KNO 3). The shapes of the CVs were also very similar to those 
obtained by Vittal et al. for a cobalt hexacyanoferrate + CTAB modified electrode 
[96], Considering the similarity between CoHCF and the proposed RuCoHCF film, it 
seems likely that no Ru (or only a small amount) was incorporated into the lattice. 
The couple observed at approximately +0.23 V  in the first scan may be attributable to 
the reduction of Fein(CN)63’ in aqueous solution. The resulting Fen(CN)64" then reacts 
with Co2+ (or possibly Ru2+) to yield a deposit of cobalt (II) hexacyanoferrate on the 
electrode surface, this process being repeated during each successive scan (as seen by 
the disappearance of the couple at approximately +0.23 V  and the growth of the other 
redox peaks). The resulting film shows a strong electrocatalytic effect for the 
oxidation of ascorbic acid, as evidenced by the enhancement of the anodic current and 
simultaneous decrease in the cathodic current. Similar to the other films reported 
here, the film exerted no effect on the overpotential for the oxidation reaction. The 
redox couple present at approximately +0.85 V  may be due to the second couple in
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Figure 4.8 A. The potential shift may be caused by the difference in pH of the 
working solution.
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Figure 4.8: (A) Repetitive cyclic voltam m ogram s a t the CFCM E in a solution  
containing 0.1 mmol/L RuCh + 0 . 1  mmol/L Go (NO 3)  2 + 0 . 5  mmol/L K i(F eC N )( in 
0.1 mol/L KCl; scan rate 100 mV/s; scan range 0.0 to +1 .0  V; and (B) Cyclic 
voltam m ogram s o f  (a) 0.01 mol/L H C l and (b) (a) + 1 mmol/L ascorbic acid.
The possibility for modification of the CFCME with a different metal 
hexacyanometalate was also considered. Here, an attempt was made to deposit a 
mixed metal hexacyanocobaltate (HCCo) film, again with a view to reducing the 
overpotential for ascorbic acid oxidation. The results are displayed in Figure 4.9. It is 
evident from this figure that little or no deposition of the iron-ruthenium 
hexacyanocobaltate film occurred, as there was no film growth upon successive 
cycling of the CFCME in the modification solution. In addition, the behaviour of AA 
at the CFCME was almost identical to that observed for a bare carbon fibre electrode, 
indicating again, that no film was deposited. Further experiments employing 
hexacyanocobaltate were abandoned and films based on hexacyanoferrate further 
investigated.
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Figure 4.9: (A) Repetitive cyclic voltam m ogram s at the CFCM E in a solution  
containing 0.1 mmol/L Fe(NO i)s + 0.1 mmol/L RuCU + 0.5 mmol/L KsCo(CN)e in 
0.1 mol/L KC l; scan rate 100 mV/s; scan range 0.0 to + 1 .0  V; and (B) Cyclic  
voltam m ogram s o f  (a) 0.01 mol/L H C l and (b) (a) + 1 mmol/L ascorbic acid.
An alternative method for the formation of a mixed metal hexacyanoferrate 
film was investigated, which involved the deposition of the metals in separate steps. 
An interesting procedure was employed by Sinha et al., in which they found that 
several species of the form [M(CN)sL]”‘ (M = Fe, Ru) could be immobilised on a Ni 
electrode under either anodising electrochemical or chemical conditions, producing 
surfaces with a high degree of stability [98], Considering this and the positive results 
obtained with nickel-based metal hexacyanoferrate electrodes [17,28,30], an 
investigation into the use of a mixed metal hexacyanoferrate consisting of ruthenium 
hexacyanoferrate deposited on a nickel-based electrode for the oxidation of ascorbic 
acid, was prompted.
4.6.2 Preparation and Optimisation of NiO,RuHCF Modified Microsensor
As mentioned in the previous section, the mixed nickel oxide,ruthenium 
hexacyanoferrate film was deposited onto a CFCME in two separate steps. A clean 
CFCME was galvanostatically activated in nickel solution, while the RuHCF layer
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was subsequently applied using multiscan cyclic voltammetry. In order to verify that 
this procedure provided the optimum modification layer considering the response to 
ascorbic acid oxidation, various other modification layers consisting of one or both of 
the components (Ni and RuHCF) were tested for their response to 1 x 10' mol/L AA. 
These results are presented in Figure 4.10, where the letters (a)-(e) represent the 
signals obtained when: (a); the procedure as outlined in Section 4.5.1.5 was 
employed, (b); N iHCF was deposited using multiscan cyclic voltammetry, (c); the 
electrode was galvanostatically activated in N i alone, (d); only RuHCF was deposited 
using multiscan CV  and (e); N i and RuHCF were co-deposited from the same solution 
using multiscan cyclic voltammetry.
From these results, it is evident that nickel hexacyanoferrate (Figure 4.10, b) 
provided quite a well-defined response to AA, which was as expected from the 
literature [28]. This layer also provided a slight shift (approximately 20 mV) in the 
overpotential for A A  oxidation. The type of layer is proposed to catalyse the 
oxidation of A A  via surface layer mediated charge-transfer [17], Considering the 
strong response obtained at the CFCME modified with this layer, it was assumed that 
the film electrocatalyses the oxidation of AA. A  layer of galvanostatically deposited 
nickel oxide (Figure 4.10, c) also provided a well-defined signal, with a half-wave 
potential of approximately +0.30 V, which was considerably shifted from that of a 
bare carbon fibre (+0.44 V). This may be due to the high electrical conductivity of 
nickel (146 1/mohm-cm). When compared to their corresponding blank 
voltammograms (not shown), it was evident that there was a response to A A  at both 
the RuHCF and NiRuHCF modified CFCMEs, but this response was clearly ill- 
defined in the potential range used, in contrast to layers (a) -  (c). The process at 
approximately 0 V  is possibly attributable to hexacyanoferrate deposited on the 
surface of the carbon fibre, with the shift in potential due to the more acidic medium. 
It can be clearly seen that the NiO,RuHCF modification layer provides the optimum 
response for the oxidation of AA, with a less positive half-wave potential compared to 
the other layers and a more clearly defined signal, especially when compared to the 
electrodes modified with ruthenium hexacyanoferrate and ruthenium-nickel 
hexacyanoferrate deposited in a single step. In addition, when compared to the bare 
CFCME, a decrease in the overpotential of A  A  oxidation of approximately 185 mV 
was observed, with an accompanying increase in signal (Figure 4.11).
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As described in earlier sections, metal hexacyanoferrates are known to exhibit 
electrocatalytic behaviour. In this case, it is assumed that the NiO,RuHCF film 
provides a suitable catalytic surface for the oxidation of ascorbic acid. As for 
Prussian Blue, it is assumed that the metal hexacyanoferrate film is not permeable to 
the rather large ascorbic acid molecules, with the reaction process being controlled by 
mass transfer of a solute in solution to the film-solution interface and by electron 
exchange cross-electron transfer at the film-solution interface [22]. The shift in the 
potential for ascorbic acid oxidation at the modified CFCME for approximately 
185 mV compared to the bare CFCM E shows that the nickel oxide,ruthenium 
hexacyanoferrate layer can catalyse the oxidation of AA. A  thorough electrochemical 
and spectroscopic investigation and characterisation of the nickel oxide,ruthenium 
hexacyanoferrate film (and the other layers investigated here), which is beyond the 
scope of this work, would be required in order to determine the exact electrocatalytic 
properties of the film.
Potential / V  vs. Ag/AgCl
Figure 4.10: C yclic voltam m ogram s o f  1 x 10'3 mol/L ascorbic acid  in 0.01 mol/L H Cl 
(pH  1.9) a t CFCM Es m odified with: (a) NiO,RuHCF, (b) NiHCF, (c) NiO, 
(d) RuHCF, (e) NiRuHCF; deposition solution com positions in text; no. o f  C V  
coatings (a) 22, (b) -  (e) 25; scan rate 100 mV/s.
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Figure 4.11: Cyclic voltammograms of 1 x 10~3 mol/L ascorbic acid in 0.01 mol/L HCl 
(pH 1.9) at (a) a NiO,RuHCF modified CFCME and (b) a bare CFCME. Operating 
parameters as in Figure 4.10.
In tandem  w ith  the previous experim ents to determine that a two-step 
m odification  procedure for the N iO ,R u H C F  layer p rovided  the optim um  signal for 
ascorbic acid  oxidation, this layer itse lf was optim ised  w ith  respect to the oxidation  o f
1 x  10'3 m ol/L  A A .  T h is  optim isation was carried out in  relation to the tim e o f  
galvanostatic activation in  the n icke l solution and the thickness o f  the R u H C F  layer, 
w h ich  is defined in  terms o f  the num ber o f  C V  runs. F ig u re  4.12 A  shows the relative  
response to 1 x  10’3 m ol/L  A A  w ith respect to galvanostatic activation tim e (25 layers 
o f  R u H C F  were applied  here). F ro m  this F igure , 10 s and 15 s provided  the optim um  
signal fo r ascorb ic acid  oxidation. W h ile  there was a response w hen 2 s and 5 s 
deposition were used, it w as lik e ly  that the am ount o f  n icke l oxide coverage was 
inadequate here, and hence not enough n ickel oxide for the ruthenium  
hexacyanoferrate layer to deposit onto. A t  h igher deposition tim es o f  25 s and 40 s, 
the signal decreased sign ificantly. T w o  possib le  reasons for this are a “ too th ick” 
n icke l oxide layer or dam age to the carbon fibre electrode caused b y  h o ld in g  it at the 
high  applied galvanostatic current for too long. In further experim ents a deposition  
tim e o f  10 s w as chosen.
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Figure 4.12: Optimisation o f the NiO,RuHCF film. (A) Effect o f nickel oxide 
deposition time and (B) Coverage /  thickness o f the RuHCF layer on the response to
1 x 10~3 mol/L ascorbic acid in 0.01 mol/L HCl; 25 layers of RuHCF in A; 10 s nickel 
deposition in B.
F ig u re  4.12 B  shows the relative effect o f  the thickness o f  R u H C F  on the oxidation  o f
1 x  10'3 m ol/L  A A .  T h e  n icke l deposition tim e was 10 s. Here, it was apparent that 
22 layers p rovided  the optim um  response to A A ,  w ith  thinner or th icker film s y ie ld ing  
low er anodic peak currents for the oxidation o f  A A .  S im ilar behaviour has been  
observed at a C o H C F  f ilm  fo r A A  oxidation  [29], It was postulated that the thinner 
film s do not provide a su ffic ient num ber o f  catalytic sites to handle the availab le  
supp ly  o f  A A ,  w h ile  the th icker ones m ay form  a resistive barrier to the de livery  o f  
electrons to the active sites. C onsidering  the sim ilarity  in  behaviour, it w as assumed  
that this was also the case here. Based on these results, 10 s o f  galvanostatic 
activation and 22 layers o f  R u H C F  were em ployed  in  subsequent experim ents.
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4.6.3 Preliminary Characterisation of NiO,RuHCF Modified Microsensor
As a preliminary investigation into the properties of the NiO,RuHCF modification 
layer, a brief spectroscopic study was carried out. The first simply involved taking 
optical photographs of the different layers. The results of this are shown in Figure 
4.13.
Figure 4.13: (A) Bare glassy carbon electrode, (B) Galvanostatically deposited nickel 
oxide layer, (C) B + RuHCF layer. Magnification x 400.
A bare glassy carbon electrode was used as the substrate electrode here rather than a 
carbon fibre in order to permit easier visualisation of the modification layers. Figure 
4.13 A shows a typical optical photograph of a bare glassy carbon electrode, as a 
comparison between the bare electrode surface and the modified electrode. Part B 
shows an optical photograph of the galvanostatically deposited nickel oxide layer. 
This layer was green in colour and was present in what seemed quite a thick layer on 
the GC electrode surface. From Figure 4.13 C, it appeared that a composite layer of 
both components was formed as the structure was different from that in B, and also 
the colour indicated that it was a composite, with the lighter green areas originating 
from the nickel oxide layer and the darker from the ruthenium hexacyanoferrate layer.
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T h e  green co lou r o f  the n ickel layer in  the photograph above led to the b e lie f  
that in  fact n icke l oxide (N iO )  was deposited. N ic k e l metal is white in  co lour, w h ile  
n icke l oxide is green [99]. In addition, application o f  a positive  current w ill lead to 
deposition o f  the m etal oxide -  i f  a negative current is applied the m etal itse lf is 
reduced and deposited on the surface. Further evidence o f  the form ation o f  a n icke l 
oxide layer was p rovided  upon analysis o f  the f ilm  surface w ith  atom ic force  
m icrosco p y  ( A F M )  and scanning electron m icroscop y  (S E M ). F igure  4.14 A  and B  
disp lay A F M  and S E M  m icrographs o f  the n ick e l ox ide layer, respectively. F ro m  the 
S E M  m icrograph in  particular, cracks in  the surface are v isib le . Th e  film  here is 
alm ost identical to that o f  a n icke l oxide f ilm  (on H O P G )  reported b y  H ä rin g  et al. 
[100], supporting the theory that n icke l oxide is deposited during the galvanostatic 
deposition  step. E D X  spectra o f  this f ilm  revealed the presence o f  n icke l ( K a, L a and 
Kp lines) and oxygen, supporting the presence o f  a n icke l oxide layer. Som e sulphur 
( S K a) was also present. T h is  was attributed to sulphur in  the n icke l sulphate salt used  
in  the deposition solution.
F ig u re  4.15 A  and B  d isp lay A F M  and S E M  m icrographs o f  the n icke l 
oxide,ruthenium  hexacyanoferrate layer. Th e  surfaces here are m arked ly  different 
from  those obtained for n ick e l oxide. T h e  cracks are no longer v is ib le , suggesting  
that cy c lin g  in  the ruthenium  hexacyanoferrate has “ covered” them  up. It is possib le  
that cy c lin g  the n ick e l ox ide  surface at positive  potentials in  the solution containing  
ruthenium  hexacyanoferrate caused the form ation o f  oxide bridges leading to 
N iO ,R u H C F .  A s  the surface is not un iform  in  appearance, it is lik e ly  that som e n icke l 
oxide (and possib ly  som e R u O H C F )  is also present on the surface. E D X  spectra o f  
this surface revealed the presence o f  R u ( L a), N i ( K a) and F e ( K a), supporting the 
presence o f  the n ick e l oxide, ruthenium  hexacyanoferrate layer.
204
Figure 4.14: (A) Atomic force microscopy and (B) Scanning electron microscopy 
images o f galvanostatically deposited nickel oxide layer.
Figure 4.15: (A) Atomic force microscopy and (B) Scanning electron microscopy 
images o f nickel oxide, ruthenium hexacyanoferrate layer.
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4.6.4 Electrochemical Oxidation of Ascorbic Acid at the NiO,RuHCF 
Modified Microsensor
A  c y c lic  voltam m ogram  o f  ascorbic acid  oxidation at the N iO ,R u H C F  m od ified  
carbon fib re  is d isp layed in  F igure 4.11. Th e  process occurring  at approxim ately  
+0.06 V  was assumed to be due to hexacyanoferrate in  the film . Th e  nature o f  the 
processes occurring  upon oxidation  o f  ascorbic acid at the N iO ,R u H C F  layer were 
investigated b y  varyin g  the scan rate in the range 5 to 150 m V/s. Th e  results o f  this 
experim ent are show n in  F igure  4.16. F igure  4.16 A  illustrates the dependence o f  
current on the scan rate fo r 1 x  1 O'3 m ol/L ascorbic acid. T h e  relationship  was not 
linear. H ow ever, the dependence o f  current on the square root o f  the scan rate (Figure  
4.16 B )  revealed a d istinct linear relationship (r = 0.996). These results indicated that 
the reaction is contro lled  b y  d iffusion . In contrast, the current response for the 
process at approxim ately +0.06 V  was linearly  dependent (r = 0.999) on the scan rate 
(Figure 4.16 A  inset). T h is  suggests that this process is a function o f  som e redox  
active species confined  to the surface o f  the electrode.
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Figure 4.16: (A) Influence o f scan rate and (B) influence of square root of scan rate 
on oxidation of 1 x 10'3 mol/L ascorbic acid in 0.01 mol/L HCl; (A) inset; influence of 
scan rate on process at approximately +0.06 V.
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Figure 4.17: Current function vs. vI/2 for 1 x 10~2 mol/L ascorbic acid in 0.01 mol/L 
HCl at the NiO,RuHCF modified CFCME.
W ith  regard to the oxidation  o f  ascorbic acid, a p lot o f  ip/Cvm (current function) vs.
1/9 • • ■
v , w here C  is the concentration o f  ascorbic acid  (m ol/L) and v is the scan rate 
(m V/s), exhib ited a negative slope (see F ig u re  4.17), w h ich  is typ ica l o f  a catalytic 
process in vo lv in g  a ch em ica l reaction fo llo w ed  by an electron transfer process [64]. 
These  results suggested that the electrocatalysis o f  ascorbic acid  at the N iO ,R u H C F  
layer also in vo lve d  som e ch em ica l reaction.
4.6.5 Potential Effect on the Response of the Microsensor
W h ile  c y c lic  voltam m etry is  extrem ely useful and unique in  elucidating the processes 
occurring  at the w ork in g  electrode, its analytical use is rather lim ited  due to its 
in ab ility  to determ ine lo w  levels o f  analytes. In addition, considering the rather 
unusual shape o f  the c y c lic  voltam m ogram  for A A  oxidation at the N iO ,R u H C F  
m o d ifie d  m icrosensor, it w ou ld  m ost lik e ly  be d ifficu lt to carry out any calibration  
using  C V .  F o r  determ ination o f  lo w  levels o f  analytes, pulsed  techniques such as 
S W V  and D P V  are used. H ow ever, in  measurements such as this m od ified  
m icrosensor is  tailored for, am perom etry is the m ost suitable electroanalytical 
technique, as this m ethod perm its “ real-tim e” determ ination o f  levels o f  the target 
analyte. T h e  m ost im portant operating parameter in  am perom etric measurements is
5 10 15
(Scan Rate / mV/s)1/2
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the applied  potential, hence in  any study the optim um  operating potential m ust be 
obtained. In order to determine the optim um  operating potential for am perom etric 
m easurem ents o f  ascorbic acid at the m od ified  m icrosensor, the in fluence o f  the 
applied  potential on the oxidation  o f  ascorbic acid  w as investigated and a 
h ydrodyn am ic voltam m ogram  obtained. T h e  polarized  potential was observed to 
exert a s ign ificant effect upon the response o f  the N iO ,R u H C F  m icrosensor to A A .
F ig u re  4.18 demonstrates the in fluence o f  the po larized  potential on the 
am perom etric response to the addition o f  50 fim ol/L A A  to 0.01 m ol/L  H C1 solution. 
A t  a potential low er than +0.20 V  (vs. A g / A g C l) , no response was observed. The  
current w as observed to increase sharply from  +0.275 V  to +0.30 V  and m ore slow ly  
from  +0.30 V  to +0.35 V ,  c learly  m aking  this latter range su ffic iently  positive  for A A  
oxidation. A lth o u g h  the current increased sign ificantly  at +0.40 Y ,  it was observed  
that upon  subsequent additions o f  A A  (not show n), the current response decreased and 
becam e non-linear, p ossib ly  due to electrode fou ling  by the oxidation  products o f  A A .  
T h e  corresponding background current at this potential (+0.40 V )  was also 
considerab ly  higher than that at low er operating potentials. S ince the p ossib ility  o f  
interference from  other electroactive com ponents increases at h igher potentials and 
background current w ill increase at h igher potentials, the optim um  potential selected 
was +0.30 V  vs. A g / A g C l. T h is  potential also corresponds to an in flection  point in  
the voltam m ogram , w h ich  is desirable for im proved  stability in  current measurements 
[64], Interestingly, the app lication  o f  a potential o f  +0.30 V  to a bare carbon fibre  
cy lin d er electrode for the oxidation  o f  ascorbic acid  produced no response, illustrating  
again the positive  effect o f  the N iO ,R u H C F  layer on the overpotential for A A  
oxidation.
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Figure 4.18: Hydrodynamic voltammogram for 50 fjmol/L ascorbic acid at a 
NiO,RuHCF modified carbon fibre cylinder microelectrode (25 layers) in stirred 0.01 
mol/L HCl; (a) signal obtained; (b) corresponding signal background; (c) signal 
minus background.
4.6.6 Analytical Performance of the NiO,RuHCF Modified Microsensor 
Under Acidic Conditions
F o llo w in g  selection o f  the optim um  operating potential o f  +0.30 V ,  the perform ance  
o f  the N iO ,R u H C F  m o d ifie d  C F C M E  w as tested under am perom etric conditions. A  
pre lim in ary  experim ent to v e rify  the response o f  the m icrosensor to different 
concentrations o f  ascorb ic acid  was perform ed, w ith the results illustrated in  F igure  
4.19. F ro m  this figure, it is evident that the m icrosensor responded rap id ly  to the 
addition  o f  varyin g  concentrations o f  A A ,  w ith  an alm ost im m ediate response o f  the 
m icrosensor upon addition o f  ascorbic acid  to the w orking  solution. A fte r  addition o f  
the ascorb ic  acid, the current q u ic k ly  stabilised and rem ained so until the next 
addition. T h e  background contribution was very low , as evidenced b y  the sm ooth  
currents fo llo w in g  the additions. A ls o  included  in  this figure (inset) is a p lot o f  the 
current response vs. the concentration o f  ascorbic acid added to the w ork in g  solution  
(r = 0.999).
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Figure 4.19: Typical amperogram at +0.30 V for additions of (a) 5 ¡umol/L, (b) 
10 fjmol/L and (c) 20 ¡xmol/L of ascorbic acid to a stirred 0.01 mol/L HCl solution 
(pH 1.9) at a NiO,RuHCF (25 layers) modified CFCME. Inset: corresponding data.
T h e  analytical perform ance o f  the N iO ,R u H C F  m od ified  m icrosensor in  
determ ination o f  ascorbic acid  in  0.01 m ol/L  H C l  was very  good. E m p lo y in g  the 
am perom etric m ode at an operating potential o f  +0.30 V ,  the signal-to-concentration  
relationship  fo r increasing ascorbic acid  concentration was linear over the range o f  
1 0 -  1610 fo,mol/L (n = 22), w ith  a slope o f  0.12 |j.A*L/|amol and a correlation  
coeffic ien t (r) o f  0.999. F igure  4.20 shows the am perogram  from  this experim ent, 
w ith  the inset d isp laying  the corresponding calibration curve. F ro m  these results, it is 
evident that the N iO ,R u H C F  m icrosensor provides detection possib ilities over the 
entire range o f  ascorbic acid  levels encountered in  hum an gastric ju ice . Th e  
rep rod u cib ility  o f  ascorbic acid  m easurem ents at the N iO ,R u H C F  w as quite good. 
E m p lo y in g  am perom etry (at +0.30 V ) ,  the residual standard deviations (r.s.d.) for 6 
consecutive additions o f  10 [j,mol/L, 100 |xmol/L and 300 (amol/L ascorb ic acid  to
0.01 m ol/L  H C l  were 5.05 %, 4.06 % and 4.88 %. The slightly  h igher than expected  
r.s.d. obtained for the 300 (amol/L additions m ay have been due to som e saturation o f  
the m icrosensor surface, as the concentration here is quite high. T h e  lim it o f  detection
2 1 0
(based on S/N = 3) w as calculated to be 1.53 (.imol/L, w h ich  is consistent w ith  
experim ents (not shown) in  w h ich  even 2 (im ol/L ascorbic acid  e licited  a response at 
the m icrosensor. Th e  betw een-electrode reproducib ility , considering  the entire 
procedure, was also quite good. F o r  10 (jm ol/L and 100 (im ol/L ascorbic acid  
m easured at 5 different m od ified  C F C M E s ,  the r.s.d.s were 8.97 % and 6.90 %, 
respectively. These calibration data reveal the excellent perform ance o f  the 
N iO ,R u H C F  m od ified  m icrosensor and suggest its potential app licab ility  in  
m easurem ents o f  gastric ju ice  ascorbic acid  levels.
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Figure 4.20: Increasing increments of ascorbic acid to 0.01 mol/L HCl; (a) 
6x10 ¡mol/L, (b) 7 x 50 /.imol/L, (c) 6 x 100 ¡jmol/L, (d) 3 x 200 /umol/L; operating 
potential +0.30 V; inset: corresponding calibration curve.
A n o th er interesting feature o f  the m od ified  m icrosensor is its operational behaviour 
over tim e com pared to that o f  the bare carbon fibre cy linder m icroelectrode. F igure  
4.21 show s an am perogram  obtained at a bare C F C M E  upon addition o f  20 (im ol/L  
increm ents o f  ascorbic acid  to 0.01 m ol/L  H C l.  W h ile  the current w as observed to 
increase ra p id ly  upon addition o f  ascorbic acid, the increase w as not linear. A fte r  the 
third addition, upon addition o f  m ore A A ,  the current was observed to decrease from
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its in itia l value, w ith  this decrease b ecom in g  m ore m arked as the num ber o f  additions 
increased. In com parison, at the m od ified  m icrosensor (see F ig u re  4.20 above), there 
w as no such ta ilin g  o f f  in  current w hen increasing amounts o f  ascorb ic acid  were 
added to the w ork in g  solution. Indeed, after the fin a l (10th) addition o f  20 (j,mol/L 
A A ,  the current at the bare C F C M E  w as observed to tail o f f  quite rap id ly . F o r  
com parative purposes, the corresponding response o f  the m od ified  m icrosensor is 
in clu ded  in  F ig u re  4.21 (*). H ere, the current rem ains at the same in itia l leve l over 
the same period  o f  tim e in  w h ich  the current at the bare C F C M E  d im inishes  
considerably.
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Figure 4.21: Consecutive 20 /Mnol/L additions of ascorbic acid to 0.01 mol/L HCl at 
the bare CFCME; * corresponding response at the NiO, RuHCF modified CFCME; 
inset: corresponding data; operating potential +0.50 V.
T h e  response o f  the N iO ,R u H C F  m od ified  m icrosensor over a prolonged  
period  o f  use w as also tested. T h e  m o d ifie d  m icrosensor was first tested over 6 hours 
em ploy in g  am perom etry at +0.30 V ,  b y  p e rio d ica lly  adding 20 jim ol/L  increm ents o f  
ascorb ic acid , under stirring conditions, to 0.01 m ol/L  H C l.  20 (im ol/L A A  was 
chosen as a concentration w h ich  related c lose ly  to the am ount o f  ascorb ic acid  
secreted b y  the hum an stom ach (18 jjm ol/L per hour). F o llo w in g  this, the
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m icrosensor w as stored overnight in 0.01 m ol/L  HC1, tested the fo llo w in g  day over a 
period o f  2 hours, stored again overnight in  0.01 m ol/L  HC1, tested the fo llo w in g  day 
over a period  o f  2 hours, stored again overnight in  0.01 m ol/L H C1 and tested again  
for 1 hour. T h is  represents a total w ork in g  tim e o f  11 hours, w ith  the total elapsed  
tim e from  the first m easurem ent to the last o f  75 hours. A fte r  a further 67 hours 
storage in  0.01 m ol/L  H C1, the response w as poor, and characterised b y  a very  h igh  
background signal. T h e  r.s.d. fo r 112 m easurem ents o f  20 (im ol/L ascorbic acid  over 
this entire tim e (i.e. 75 hours) was 16.08 %. T h is  is quite good rep rod u cib ility  for a 
re lative ly  lo w  concentration o f  ascorbic acid , indicating  that the m od ified  m icrosensor 
can be used in  direct measurements o f  A A  under acid ic  conditions such as those 
encountered in  gastric ju ice  over a pro longed  period. C onsidering  the above results 
w ith the bare C F C M E ,  in  w h ich  the signal decreased sign ificantly  over a short period  
o f  tim e, the m od ified  m icrosensor offers a further advantage (in  addition  to the 
reduction in  overpotential fo r ascorbic acid  oxidation) in  A A  detection.
4.6.7 Performance of the NiO,RuHCF Modified Microsensor in Model 
Solution and Real Gastric Juice
T h e  gastrointestinal system  consists o f  the gastrointestinal tract and associated  
glandular organs that produce secretions. T h e  m ajor ph ys io lo g ica l functions o f  the 
gastrointestinal system  are to digest foodstuffs and absorb nutrient m olecu les into the 
blood  stream [101]. T h e  gastrointestinal system  carries out these functions b y  motility 
(m ovem ents that m ix  and circu late the gastric contents and propel them  along the 
tract), secretion (processes b y  w h ich  the glands associated w ith  the tract release water 
and substances into the tract), digestion (the process b y  w h ich  food  and large 
m olecu les are ch em ica lly  degraded to produce sm aller m olecules that can be adsorbed  
across the w a ll o f  the gastrointestinal tract), and absorption (the processes b y  w h ich  
nutrient m olecu les are absorbed b y  cells that line the gastrointestinal tract and enter 
the bloodstream ). T h e  process w h ich  is o f  greatest interest in  any determ ination o f  a 
com pound  in  the gastrointestinal system  is secretion, as this process w ill potentially  
secrete substances that m ay interfere w ith  the desired analytical signal. H ence, in  a 
study such that described here, it was necessary to test the N iO ,R u H C F  m od ified  
m icrosensor in  a “m odel so lution” , in  order to determine w hether the m icrosensor 
w ou ld  u ltim ate ly  be em ployab le  in  a real gastric m atrix.
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T h e  m ajor secretions o f  the stom ach are hydroch loric  acid, pepsins (enzym es), 
in trinsic factor (a glycoprotein), m ucus (carbohydrate), bicarbonate (salt), w h ile  other 
substances present m ay include proteins, sugars, other salts and horm ones [101]. 
O b v io u s ly , the health and diet o f  an in d iv id u a l w ill in fluence the com position  o f  the 
gastric m atrix, although these substances m ay be considered as the prim ary  
com ponents present in  the stomach. W ith  these substances in  m ind , the fo llow ing  
were considered in  the “m odel so lution” ;
Thiocyanate; the concentration o f  the thiocyanate anion in  sa liva  is approxim ately  
1 m m ol/L  and even h igher in  sm okers, and it m ay be secreted d irectly  into gastric 
ju ice. Th iocyanate  is a pow erfu l catalyst o f  the nitrosation o f  secondary amines 
by nitrite under acid ic  conditions, and its de livery  into the acid ic  environm ent o f  
the stom ach has therefore been regarded as a potentially im portant source o f  
endogenous form ation o f  carcinogenic nitroso com pounds [11].
Glucose; the exact concentration o f  glucose in  the stom ach is d ifficu lt to 
determine. Its leve l in  b lood  is in  the m m ol/L  range, so it was decided to use a 
concentration o f  2 m m ol/L  in  the m odel solution.
Protein solution; varyin g  concentrations o f  protein were used in  this study, w ith  
the upper leve l used being 20%.
Sodium nitrite. A s  m entioned in  the first part o f  this chapter, ascorbic acid  reacts 
w ith  (is oxid ised  by) nitrite in  the stomach. H ence, N a N 0 2 was added in  order to 
demonstrate the reaction o f  ascorbic acid  w ith  N 0 2 and illustrate the concurrent 
reduction in  current signal at the N iO ,R u H C F  m od ified  C F C M E .
In order to determ ine the possib ility  o f  interference o f  the above com pounds 
w ith  the detection o f  ascorbic acid  at the N iO ,R u H C F  m od ified  carbon fib re  cy linder 
m icroelectrode, the c y c lic  voltam m etric response o f  the m icrosensor to potassium  
thiocyanate, g lucose and sod ium  nitrite was investigated. Th e  resulting cy c lic  
voltam m ogram s are show n in  F igure  4.22. F igure  4.22 A  shows the response 
obtained w hen 1 m m ol/L  o f  K S C N  was added to the supporting electrolyte o f  0.01 
m ol/L HC1. W h ile  an oxidation response at ca. +0.60 V  was evident, this was not 
expected to interfere w ith  the signal for ascorbic acid oxidation achieved at an 
am perom etric operating potential o f  +0.30 V .  Th e  response o f  the N iO ,R u H C F  
m icrosensor to 2 m m ol/L  glucose is show n in  F igure  4.22 B . G lu cose  e lic ited  alm ost 
no response in  the em ployed  range, and hence was not expected to interfere w ith A A
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determ ination at +0.30 V .  It was also determ ined that nitrite (1 m m ol/L  N a N 0 2) 
exhib ited no oxidation  response at the operating potential em ployed for am perom etric 
determ ination o f  A A .  There was a reduction process at approxim ately -0 .4  V ,  but this 
was not expected to interfere at the em ployed  potential o f  +0.30 V .
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Figure 4.22: Cyclic voltammograms o f substances in "model solution ” experiments; 
(a) 0.01 mol/L HCl, (b) a + additions of (A) 1 mmol/L KSCN; (B) 2 mmol/L glucose; 
(C) 1 mmol NaNC>2 atNiO,RuHCF modified; scan rate 100 mV/s.
Figure  4.22 illustrated that the constituents considered as com posing  a “m odel 
so lution” for gastric ju ice  elicited no response at a potential o f  +0.30 V .  A  
p re lim in ary  am perom etric experim ent was carried out in  order to determ ine i f  the 
“m odel so lution” com ponents were electroactive under am perom etric conditions at 
+0.30 V .  T h e  results o f  this are show n in  F igure  4.23, in  w h ich  the addition o f
1 m m ol/L  potassium  thiocyanate (at 30 s), 2 m m ol/L  glucose (at 60 s) and 10 % 
standard protein so lution (at 90 s) fa iled  to induce any change in  signal at the 
N iO ,R u H C F  m od ified  C F C M E .  In contrast, addition o f  ascorbic acid  into the m odel 
so lution at fim ol/L levels generated a strong response at the m icrosensor. A d d it io n  o f  
a large excess (~ 17 times) o f  N a N 0 2 resulted in  a rapid and sharp reduction in  the 
current for A A ,  w h ich  w as due to reaction between the ascorbic acid and the nitrite,
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w ith  the nitrite being converted to n itric  oxide and the ascorbic acid  sim ultaneously  
being o x id ised  to dehydroascorbic acid.
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Figure 4.23: Typical amperogram for additions of 1 mmol/L potassium thiocyanate, 2 
mmol/L glucose and 10 % standard protein solution to 0.01 mol/L HCl, with 
subsequent additions of (a) 10 jumol/L, (b) 20 jumol/L, (c) 40 /.mol/L ascorbic acid, 
and 1.2 mmol/L sodium nitrite; operating potential: +0.30 V; arrows indicate the time 
of addition.
It is also interesting to note that oxidation  o f  the ascorbic acid  to dehydroascorbic acid  
was not the sole reaction w h ich  took p lace in  this experim ent. F o llo w in g  addition o f  
the excess N a N C h , the signal not o n ly  d im in ished  to the level corresponding to
0.01 m ol/L  H C l  (i.e. background signal), it decreased further, p ossib ly  due to the 
reduction o f  N O  (a product o f  the reaction between A A  and N a N O i) . R edu ction  o f  
N O  has been reported on P B -m o d ifie d  I T O  electrodes at potentials o f  ca. +0.1 V  (vs. 
A g / A g C l)  in  p H  2 so lution [102], Such  a reduction m ay also occur at the metal 
hexacyanoferrate m o d ifie d  electrode em ployed in  this w ork, w ith  the d ifference in  
potentials being accounted fo r b y  a num ber o f  factors (e.g. d ifferent electrode 
substrate m aterials, com position  o f  m odifier, supporting electrolyte, etc.)
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F o llo w in g  this prelim inary experim ent, in  w h ich  it was determ ined that the 
m odel so lution com ponents were inactive under the em ployed conditions, this type o f  
experim ent was expanded upon. 1 m m ol/L  K S C N ,  2 m m ol/L g lucose and 10 % 
protein w ere added to 0.01 m ol/L HC1. 10, 20 and 40 (amol/L ascorbic acid  were 
subsequently added to this solution under stirring conditions at an applied potential o f  
+0.30 V ,  w ith each addition  resulting in  a sharp increase in  the observed current. 
F o llo w in g  this, 50 |amol/L N a N 0 2 was added. The results o f  this experim ent are 
show n in  F igure  4.24. A s  expected, addition o f  50 |_imol/L N a N 0 2 caused the current 
to decrease, rap id ly  at first and then m ore slow ly. 40 um ol/L A A  was then added, 
w ith the current decreasing im m ediately after the in itia l increase. T h is  was due to A A  
reacting w ith  N 0 2. A  further 50 (im ol/L o f  N a N 0 2 was then added to the so lution  and 
the current w as observed to d im in ish  even further. A sco rb ic  acid was added again in  
6 additions o f  40 (im ol/L, w hereupon in each case, the current was observed to 
decrease rap id ly  to the baseline level fo llo w in g  the in itia l increase due to A A  
addition. It is also o f  interest to note that the m agnitude o f  the current response to 
40 fjm ol/L ascorbic acid  after addition o f  N 0 2 to the A A  containing solution is 
dim inished. It was assum ed that this was either due to (i) fou ling  o f  the electrode due 
to the presence o f  protein  in  the solution or (ii) catalysis o f  the reaction between A A  
and N 0 2 in  the presence o f  K S C N ,  w h ich  is kn ow n  to catalyse this reaction [11], The  
second w as thought to be m ore lik e ly  and subsequent experim ents (not shown) proved  
that the presence o f  K S C N  in  the solution caused this type o f  behaviour. T h is  type o f  
experim ent cou ld  be potentia lly  useful in  m onitoring  the effect o f  K S C N  on the 
catalysis o f  the reaction between ascorbic acid  and nitrite.
A  further experim ent to m onitor the reaction between ascorbic acid  and N 0 2 
was carried out. In order to correctly m onitor the exact reaction, the m odel solution  
com ponents were om itted from  the w ork ing  solution. In this experim ent, 5 additions 
o f  40 famol/L ascorbic acid  were added to the supporting electrolyte o f  0.01 m ol/L  
HC1. A s  seen from  F ig u re  4.25, upon each addition, the current, as expected, was 
observed to increase ra p id ly  and sharply. U p o n  addition o f  100 |j,mol/L N a N 0 2, the 
current was observed to decreased q u ick ly  in itia lly , w ith  the reaction gradually  
slow ing. Th ree  further additions o f  40 |jmol/L A A  caused the current to increase 
again, w ith  addition o f  200 (.imol/L N a N 0 2 again causing a reduction in the current 
response. A d d it io n  o f  200 (.imol/L N a N 0 2 resulted in a m uch larger in itia l decrease in
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the current w hen com pared to 100 jm io l/L  NaNC>2. F o llo w in g  this addition, the 
reaction w as a llow ed to proceed for a con siderab ly  longer tim e (9 m in  vs. 2 m in  for 
100 (j,mol/L NaNC>2). D u rin g  this tim e, the current was observed to decrease to the 
baseline level, indicating  that ascorbic acid  and nitrite continued to react even after a 
considerable tim e. Further addition o f  A A  again results in  an increase in  the current.
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Figure 4.24: Effect on NO2 on ascorbic acid oxidation signal; addition of (a) 
10 /umol/L AA, (b) 20 /umol/L AA (c) 40 /umol/L AA, (d) 50 /umol/L NaNC>2 (e) 
40 /umol/L AA, (f) 50 /umol/L NaNC>2 and (g) 6 x 40 /umol/L AA to a solution of 
0.01 mol/L HCl containing 1 mmol/L KSCN, 2 mmol/L glucose and 10 % protein 
solution; operating potential +0.30 V.
It w as noticed  that after addition  o f  100 |jmol/L NaNC>2, the average current for the 
subsequent A A  additions w as reduced b y  approxim ately 20-25 %, w hen com pared to 
the in itia l fiv e  additions. C on siderin g  this decrease, it was expected that upon  
addition o f  200 pm ol/L  N a N 0 2 , a further decrease in  the current for A A  w ou ld  be 
observed. H ow ever, this d id  not occur. It was assum ed that upon addition o f  
100 (im ol/L N a N 0 2 , 2 m inutes w as not enough tim e fo r the reaction to go to 
com pletion , and hence subsequent amounts o f  A A  added were im m ediately consum ed
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in  the reaction between A A  and NaNC>2. T h is  theory is supported by the fact that 
upon add ition  o f  a further 200 [amol/L, w ith  a period o f  9 m inutes left between this 
and the subsequent A A  additions, the average current for 40 (j,mol/L A A  w as the same 
as that o f  the A A  additions after the first addition  o f  100 (im ol/L NaNC>2. These  
results suggest the potential app licab ility  o f  the m od ified  m icrosensor in  m onitoring  
the reaction between ascorbic acid  and nitrite under acid ic conditions.
T im e  / s
Figure 4.25: Effect on NO2 on ascorbic acid oxidation signal; addition of (a) 5 x 
40 ¡mol/L AA, (b) 100 ¡umol/L NaN02, (c) 3 x 40 ¡jmol/L AA, (d) 200 /mol/L NaN02 
(e) 3 x 40 ¡mol/L AA to a solution o f 0.01 mol/L HCl; operating potential +0.30 V.
T h e  above results have indicated the potential app licab ility  o f  the N iO ,R u H C F  
m o d ifie d  C F C M E  in  determ ination o f  ascorbic acid  under acid ic  conditions, 
especia lly  over a pro longed  period. H ow ever, in  considering future use in  real gastric 
m edium , it becom es evident that the m icrosensor m ust be protected from  fou lin g  by  
m acrom olecu lar com ponents present in  the gastric ju ice  m atrix. T h e  sim plest w ay o f  
protecting the m icrosensor surface from  fou lin g  is to app ly  a protective m em brane 
layer. In this study, N afion®  and ce llu lose  acetate were considered as possib le  
protective coverings. Nafion®  is a perfluorinated p o lym er that contains sm all
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proportions o f  su lfon ic or ca rboxylic  io n ic  functional groups, and is often applied in  
removing ascorbic acid  interferences w hen detecting other analytes w ith  sim ilar 
oxidation  overpotentials, e.g. n itric oxide [103]. These measurements are usually at 
approx im ately  neutral p H , where ascorbic acid  is in  the negatively charged ascorbate 
anion form  and hence is repelled from  the negatively charged Nafion®  film . 
H ow ever, at the acid ic  p H  em ployed in  this w ork, neutrally charged ascorbic acid was 
expected to pass through the Nafion®  m em brane. C e llu lo se  acetate is derived from  
natural ce llu lose and has been used as a protective electrode coating [104],
Th e  N iO ,R u H C F  m od ified  m icrosensors were further m od ified  w ith  either 
N afion®  or ce llu lose acetate m em branes using a laboratory-m ade d ip-coating device. 
F o llo w in g  application o f  the respective protective m em branes, a sim ple experim ent 
was carried out to investigate w h ich  m em brane was m ore suitable for further study. 
In these m easurements, successive increm ents o f  ascorbic acid  were m ade to a 
w ork in g  so lution o f  0.01 m ol/L H C1 and the response o f  the m od ified  m icrosensor 
m onitored. F ro m  a com parison o f  both sets o f  results, it was determ ined that cellu lose  
acetate was m ore suitable for ascorbic m easurem ents in  acid ic  m edium  than Nafion®. 
A t  lo w  concentrations o f  ascorbic acid  (10 )j.mol/L additions), the ce llu lose  acetate 
covered m icrosensor exhib ited a m ore favourable perform ance over that o f  the 
N afion®  covered  m icrosensor. In addition, at higher concentrations, the background  
current at the Nafion®  covered m icrosensor was slightly higher than at the cellu lose  
acetate covered C F C M E .  T h e  response tim e upon addition o f  A A  to the w orking  
so lution at the N a fio n ®  coated m icrosensor was also slightly  slow er, possib ly  due to 
som e repu lsion  o f  the ascorbic acid. H en ce, a cellu lose acetate m em brane (6 layers o f  
ce llu lose  acetate) was em ployed  in  subsequent measurements.
Further to the investigations in  m odel solution described above (Figure 4.24 
and F ig u re  4.25), the cellu lose acetate covered N iO ,R u H C F  m od ified  C F C M E  was 
applied  in  m easurem ent o f  A A  in  a m odel gastric ju ice  so lution contain ing a h igh  
concentration o f  protein. A s  the purpose o f  this experim ent was to determ ine the 
behaviour o f  the N iO ,R u H C F  m od ified  m icrosensor covered w ith a protective  
m em brane, K S C N  was replaced w ith  N a C l in  order to perm it investigation w ithout 
any interference from  the K S C N  catalysed reaction o f  ascorbic acid  w ith  nitrite. The  
m odel so lution was com posed o f  1 m m ol/L  N a C l, 2 m m ol/L  g lucose and 20 % 
protein  solution. Fo u r additions o f  20 (im ol/L ascorbic acid  were m ade to this
2 2 0
solution, fo llow ed  by 100 (im ol/L NaNC>2, w ith  this sequence repeated after 5 
m inutes. F ig u re  4.26 shows the results obtained for this experim ent. E v e n  in  the 
presence o f  a h igh  concentration o f  protein solution, the response o f  the m icrosensor 
was good, w ith  the current rem aining steady after each addition o f  ascorb ic acid. 
F o u lin g  o f  the m icrosensor surface by proteins present in  the solution was prevented 
by the presence o f  the cellu lose acetate protective m embrane. F ro m  this figure, one 
can see that the results were sim ilar to those obtained F ig u re  4.25. A g a in , a possib le  
reason fo r the disparity between the currents obtained for the ascorbic acid  additions 
m ay have been due to insufficient tim e fo r the reaction to com plete. It is also possib le  
that the presence o f  the m em brane caused som e hindrance to ascorbic acid  reaching  
the electrode surface.
T im e  / s
Figure 4.26: Response o f cellulose acetate membrane covered NiO,RuHCF modified 
microsensor to addition o f (a) 4 x 20 fjmol/L AA, (b) 100 /jmol/L NaN02, (c) 
4x20 fjmol/L AA and (d) 100 /jmol/L NaN02 to a solution containing 1 mmol/L 
NaCl, 2 mmol/L glucose and 20 % protein; operating potential +0.30 V.
Th e  above experim ents revealed the potential fo r use o f  the m od ified  m icrosensor in  
acid ic  and m odel solution m edia. H ow ever, in  order to prove the m icrosensor’ s 
su itab ility  fo r application in  real gastric ju ice  m edium  experim ents, it was necessary
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to determ ine the perform ance o f  the m icrosensor in  this m edium . F igure  4.27 shows 
c y c lic  voltam m ogram s o f  increasing concentrations o f  ascorbic (0 to 3 m m ol/L  in  0.5 
m m ol/L increm ents) to a solution o f  1:1 (v/v) gastric ju ice  / 0.01 m ol/L  HC1. Fro m  
this figure, it is evident that the N iO ,R u H C F  m od ified  m icrosensor responds w ell 
even in  a m edium  com posed o f  real gastric ju ice . Th e  redox process at approxim ately
0 V  was m ore pronounced here than that in  F igure  4.11. It is possib le  here that there 
was som e interaction between the m acrom olecu lar com ponents o f  the gastric ju ice  
m atrix  and the N iO ,R u H C F  film , thus im p ly in g  the necessity fo r application o f  the 
ce llu lose  acetate m em brane as described in  the previous results.
P oten tia l / V  v s . A g/A g C I
Figure 4.27: Cyclic voltammograms o f (a) 50/50 gastric juice /  0.01 mol/L HCl and 
(b) -  (g) a + increasing increments of 0.5 mmol/L ascorbic acid; scan rate 100 mV/s.
Further evidence for the necessity o f  a protective covering  was obtained upon  
determ inations o f  ascorbic acid  in  pure gastric ju ice  m atrix. F igure  4.28 A  shows an 
am perogram  obtained at the N iO ,R u H C F  m od ified  m icrosensor w ithout a protective  
m em brane covering, upon  addition  o f  4 x  20 fim ol/L, 6 x  100 (.imol/L and
2 x  200 [jm ol/L ascorbic acid  to pure gastric ju ice  m atrix. Th e  response here, 
especia lly  at the low er concentrations was very poor and ill-defined. A t  higher 
concentrations o f  100 (j,mol/L, the current increase was quite w ell-defined, but the
2 2 2
increase becam e non-linear. T h is  was attributed to fo u lin g  o f  the m icrosensor surface 
w ith  m acrom olecu lar com ponents present in  the gastric ju ice . In stark contrast, the 
analytical perform ance o f  the cellu lose acetate covered N iO ,R u H C F  m od ified  
m icrosensor was greatly im proved. A n  am perogram  d isp laying  its response upon  
addition  o f  6 x  20 jm iol/L, 6 x  50 |jmol/L and 5 x  100 (im ol/L amounts o f  ascorbic  
acid  to pure gastric ju ice  is show n in  F ig u re  4.28 B . W h ile  the current response upon  
m ost additions w as good, som e “bum ps”  in  the am perogram  cou ld  be attributed to 
disturbance o f  the so lution upon insertion o f  the pipette tip into the gastric ju ice. In 
such cases, due to the opaque nature o f  the solution, and sm all w ork in g  solution  
volum e o f  2 m L , addition o f  ascorbic acid  w as som ewhat d ifficu lt, and it was lik e ly  
that the pipette tip approached the m icrosensor surface thus d isturbing the double  
layer around the m icrosensor.
a.
CD
Q
Time / s Time / s
Figure 4.28: (A) Amperogram at NiO,RuHCF modified microsensor for additions of 
(a) 4 x 20 fjmol/L, (b) 6 x 100 ¡umol/L and (c) 2 x 200 /mol/L ascorbic acid to pure 
gastric juice (pH 2.8) and (B) amperogram at NiO,RuHCF modified microsensor 
covered with a protective cellulose acetate membrane for additions of (a)
6 x 20 ¡jmol/L, (b) 6 x 50 fdmol/L and (c) 5 x 100 fjmol/L ascorbic acid to pure gastric 
juice (pH 2.8); operating potential +0.30 V. Arrows indicate time of first addition.
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A s  it is d ifficu lt to see the correlation between the current and concentration o f  
ascorbic acid  in  F ig u re  4.28 B , F igure  4.29 show s the corresponding data fo r this 
figure. Th e  calibration curve for increasing ascorbic acid  concentration was linear 
over the range o f  20 to 420 jj,mol/L, w ith  a slope o f  0.02 (iA*L/|imol and a correlation  
coefficient o f  0.999. A t  higher concentrations, there was a deviation in  linearity. T h is  
m ay have been due to som e in h ib ition  o f  access o f  h igh concentrations o f  ascorbic 
acid  to the electrode surface by the cellu lose acetate m em brane. T h e  results show n in  
Figure  4.28 and F ig u re  4.29 indicate the p o ss ib ility  o f  em ploy ing  the N iO ,R u H C F  
m od ified  C F C M E  w ith  a protective ce llu lose  acetate m em brane in  m easurem ents o f  
ascorbic acid  in  gastric ju ice .
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Figure 4.29: Data corresponding to Figure 4.28 B.
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4 .7  C on clu sion s
T h is  Chapter introduced the n icke l oxide,ruthenium  hexacyanoferrate (N iO ,R u H C F )  
m od ified  carbon fibre cy linder m icroelectrode ( C F C M E )  as a m icrosensor for the 
determ ination o f  ascorbic acid  in gastric ju ice . T h e  Chapter opened w ith a description  
o f  ascorbic acid  and its functions and roles in  the prevention o f  gastric cancer. A  
literature rev iew  provided  insights into the techniques co m m o n ly  used in  the 
m easurement o f  ascorbic acid  in  a variety o f  m edia. M eta l hexacyanoferrates as 
electrode m odifiers were also introduced, and som e details regarding their application  
in  determ ining a variety  o f  substances described.
In the first part o f  the Results and D iscu ss io n  section, som e pre lim inary  results 
concern ing the app lication  o f  C F C M E s  m od ified  w ith various m ixed  metal 
hexacyanoferrates in  the oxidation o f  ascorbic acid  in  acid ic m edium  were provided. 
T h e  m ost favourable results were obtained fo r a C F C M E ,  w h ich  was first 
galvanostatically  activated in  n icke l solution and then cyc led  in a solution contain ing  
ruthenium  hexacyanoferrate. T h is  m icrosensor p rovided  a decrease in  overpotential 
for ascorbic acid  oxidation  o f  approxim ately 185 m V  w hen com pared to that o f  the 
bare C F C M E .  In addition, in  contrast to the bare carbon fibre, the m od ified  
m icrosensor exhibited favourable behaviour w ith  respect to the signal-to- 
concentration ratio, w ith  a w ide linear range, and stable response over time.
Th e  m od ified  m icrosensor was further m od ified  w ith a ce llu lose acetate 
protective m em brane to prevent fou ling  o f  the surface o f  the m icrosensor w ith  
m acrom olecu lar com ponents present in  gastric ju ice  m atrix. T h is  m icrosensor was 
then su ccessfu lly  applied  in  the determ ination o f  (im ol/L levels o f  ascorbic acid  in  
m odel gastric ju ice  and real gastric ju ice  m edium .
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5. CONCLUDING REMARKS AND SUGGESTIONS 
FOR FUTURE WORK
5.1 Introduction
Electroan a lytica l techniques, w h ich  are concerned w ith the in teip lay between 
electrical quantities such as current, potential or charge, and chem istry, have found  
w idespread use in a vast range o f  applications, in clu d ing  industrial quality  control, 
environm ental m onitoring, food  testing and b iom edica l analysis. F ro m  its d iscovery  
over 200 years ago in  Italy b y  G a lvan i, overw helm ing advances (some o f  w h ich  have 
been described in Section 1.1) have been m ade in  the field. A d va n ces in  recent 
decades such as the developm ent o f  m icro- and ultram icro-electrodes, progress in  the 
m ethods o f  electrode m odification , the coupling  o f  b io lo g ica l com ponents and 
electrochem ical transducers, the synthesis o f  ionophores and receptors o f  m olecu lar 
size, and the developm ent o f  ultratrace voltam m etric techniques and high-resolution  
scanning probe m icroscop ies have lead to a substantial increase in  the popu larity  o f  
electroanalysis, and to its expansion into new  areas and fie lds [1]. Its popu larity  can  
also be attributed to its attractive advantages, such as selectivity  and sensitivity, 
inexpensive equipm ent, am ple choice o f  w ork in g  electrode m aterials, and ab ility  to 
attain real-tim e measurements.
H ow ever, despite these apparent advantages, there seems to be a dearth in  the 
use o f  such techniques in  certain analytical laboratories in  w h ich  routine analysis is 
perform ed. Indeed, consultation w ith  colleagues in  the pharm aceutical industry (7 
different com panies) revealed that the o n ly  applications in w h ich  electrochem istry  
plays a role in  the laboratory are in  conventional p H  probes, conductiv ity  detectors 
and cou lom etric K a r l F isch e r titrations. C onsidering  the aforem entioned advantages 
associated w ith e lectroanalytical procedures, w h y are they not m ore popular in routine 
analysis? There are several possib le  reasons for this. O n e  o f  the prim ary reasons is 
surely the incorrect perception that such procedures are d ifficu lt to perform . A nother 
reason lies in the properties o f  the m ost com m only  em ployed electrode m aterials such  
as p latinum , gold, g lassy carbon and m ercury. Th e  lim itations o f  the form er three are 
p rim a rily  the necessity fo r electrode m aintenance i.e. electrode cleaning b y  electo- 
chem ica l, chem ical or m anual po lish ing  means. A lth ou gh em inently suitable for
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num erous applications for w h ich  solid  electrodes are inappropriate, such as stripping  
analysis, m ercury electrodes present a potentia lly  serious hazard due to the tox ic  
nature o f  m ercury and its salts. Indeed, m any countries are currently attempting to 
proh ib it the use o f  m ercury as an electrode m aterial, com ponent o f  dental am algam s, 
constituent o f  thermometers, etc.
In order to encourage the use o f  e lectroanalytical techniques in industries such  
as the pharm aceutical industry, it seems that m u ch  w ork is required to prom ote the 
advantages associated w ith  such m ethods and to adequately train  analysts in  the 
understanding o f  e lectroanalytical theory and use o f  electroanalytical instrum entation. 
In addition, and perhaps m ost im portantly, it is necessary to develop electroanalytical 
procedures that are sim ple to perform  and em ploy convenient, easy to m aintain and 
non-tox ic electrode materials. Th e  w ork  described here attempts to address such  
matters, w ith re latively sim ple  techniques em ploy ing  non-toxic electrode m aterials 
being used to detect a range o f  substances o f  b iom edica l and environm ental 
sign ificance.
5.2 Chapter Two
T h e  in troduction o f  the bism uth film  electrode (B iF E )  as a new  so lid  electrode 
m aterial represents a step forw ard in  the electrochem ical detection o f  reducible  
organic com pounds such as the nitrophenols. Such  com pounds are com m on ly  
detected o x idative ly  or reductive ly  at bare glassy carbon electrodes or cathod ica lly  at 
m ercu ry electrodes. T h e  problem s associated w ith  these electrode m aterials include  
the requirem ent for regular regeneration o f  the glassy carbon electrode surface to 
rem ove adsorbed products from  the electrode surface, and the tox ic and inconvenient 
nature o f  m ercury. Th e  bism uth film  electrode overcom es the draw backs associated 
w ith the g lassy carbon electrode b y  p rovid ing  an electrode surface that is s im p ly  and 
con ven iently  renew ed em ploy in g  electrochem ical means i.e., through sim ple electro­
ch em ica l deposition and rem oval o f  the bism uth film , hence obviating the need for  
tedious electrode po lish ing . Th e  properties o f  the B iF E  w ith  particular regard to the 
electrochem ical reduction o f  the herbicide b rom ofenox im  and the nitrophenols,
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close ly  resem ble those o f  the m ercury electrode, indicating  that non-tox ic bism uth  
represents a suitable replacem ent for m ercury as an electrode m aterial.
W h ile  the B iF E  has been demonstrated as a suitable electrode m aterial for the 
determ ination o f  n itrophenols in bu lk  voltam m etric and f lo w  injection-am perom etric 
detection measurements, w ith  lo w  lim its o f  detection achieved in  both cases, it has yet 
to be applied  in  a real sam ple m atrix. T o  further investigate the possib ility  o f  
em ploy ing  the B iF E  in  routine detection o f  nitrophenols, the system should be applied  
in  the analysis o f  a real sam ple such as ground water, river water, or a so il extract. 
Such a study should  first in vo lve  exam ination o f  the e lectrochem ical behaviour o f  the 
nitrophenols at the B iF E  in  the presence o f  potential interferents in clu d ing  other 
reducib le com pounds potentia lly  present in  such sam ples, heavy metals, surfactants 
etc. in  b u lk  voltam m etric m easurements. Th e  next step should  be an exam ination o f  
nitrophenol behaviour at the B iF E  in  non-aqueous m edia, such as those com m on ly  
used in  so lid  phase extraction and liqu id  chrom atographic m ethodologies, again in  the 
presence o f  potential interferents. F in a lly , the entire system  i.e. the b ism uth film  
preparation-m easurem ent-electrode regeneration cyc le  should be tested using a real 
sam ple contain ing m easurable levels o f  the nitrophenols. A noth er p ossib ility  is the 
cou p lin g  o f  the bism uth f ilm  electrode detection system  to a liqu id  chrom atography  
system  to investigate the com patib ility  o f  the two.
T h e  cathodic e lectrochem ical detection o f  substances such as brom ofenoxim , 
w h ich  are detectable so le ly  at m ercury electrodes, represents a further interesting  
avenue in  the applications o f  the B iF E .  Considering  the interesting p re lim inary  
results obtained fo r the reduction o f  brom ofenox im  at the B iF E ,  it w ou ld  be 
interesting to m ore thoroughly  investigate the behaviour o f  such com pounds at the 
B iF E ,  thereby rep lacing  to x ic  m ercury electrodes.
5.3 Chapter Three
A s  m entioned in  the previous section, the bism uth film  electrode represents a 
potential com plete replacem ent for tox ic  m ercury electrodes. N ow here  is this m ore  
evident than in  the app lication  o f  the B iF E  in  the stripping analysis o f  heavy metals. 
R ecent literature has show n that the B iF E  is com parable and even superior to the
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m ercury electrode in  the anodic stripping analysis o f  heavy m etals such as lead, 
cadm ium , z in c  and copper. T h is  w ork presents the adsorptive stripping voltam m etric 
and potentiom etric stripping analysis o f  trace cobalt and n icke l in  some lo w  volum e  
b ody flu ids at the B iF E .  In addition, the B iF E  is em ployed  in  the determ ination o f  
cobalt, n icke l, lead, cadm ium  and copper in  a num ber o f  so il extract sam ples, w ith  the 
results obtained com pared to those obtained using in du ctive ly  coupled plasm a-m ass 
spectrom etry (IC P -M S ).
Th e  behaviour o f  the B iF E  in  the determ ination o f  trace cobalt and n icke l 
regarding operating parameters such as accum ulation potential and tim e and analytical 
parameters such as linear range and lim it o f  detection c lose ly  approxim ated that o f  the 
m ercury film  electrode (M F E ) . T h e  B iF E  revealed its superiority over the M F E  in its 
behaviour tow ards d issolved  oxygen. A t  the M F E ,  a distinct peak due to oxygen was 
observed in  non-deoxygenated solution. In contrast, the presence o f  d issolved  oxygen  
elicited  no response at the B iF E .  T h is  fact represents an advantage over the M F E  
considering  the p ossib ility  o f  em ploy ing  the B iF E  in  on-site m onitoring  o f  heavy  
m etals in, fo r exam ple river water or b io lo g ica l flu ids, as there is no requirem ent for 
sam ple deoxygenation. W h ile  the B iF E  was successfu lly  applied  in  the determ ination  
o f  trace cobalt and n icke l in  som e low -volum e body flu ids, it w ou ld  be interesting to 
app ly  the B iF E  in  a c lin ica l study in  order to assess its feasib ility  in  m easuring these 
trace elements in  b io lo g ica l sam ples. Th e  effects o f  interference from  potential 
interferents present in such m atrices should also be investigated.
R egard ing  the m easurem ent o f  cobalt, n icke l, lead, cadm ium  and copper in  the 
so il extract sam ples, som e further study is certain ly necessary. Th e  m ost im portant 
parameter to be investigated is the effect o f  U V  treatment o f  the sam ple solutions in  
order to break dow n any d isso lved  organic matter present in  the m atrix. Such a step 
w ou ld  surely im prove the accuracy o f  m easurements -  both electroanalytical and IC P -  
M S . H ow ever, the p re lim in ary  results provided in  this w ork  indicate that the B iF E  is 
indeed a suitable electrode surface for the determ ination o f  heavy m etals in  
environm ental m atrices. T h e  possib ility  o f  em ploying  the B iF E  to m easure heavy  
m etals “ on site” is certa in ly an interesting concept. Su ch  a determ ination w ould  
in vo lv e  re latively  sim ple  and portable equipm ent -  a laptop and a hand-held  
potentiostat -  and w ou ld  p rovide  detection capabilities not possib le w ith a large 
un w ie ldy  instrum ent such as an I C P -M S  or atom ic absorption spectrometer.
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5.4  C h ap ter F ou r
C on siderin g  the abundance o f  literature regarding the role o f  ascorbic acid  ( A A )  in  
the prevention o f  gastric cancer, and the p ro fusion  o f  publications concern ing the 
electrochem ical detection o f  ascorbic acid, it is som ewhat rem arkable that a thorough  
search o f  the literature b y  the author revealed no electroanalytical m ethods for the 
direct determ ination o f  A A  in  gastric ju ice . T h e  m ethods currently em ployed for 
m easurem ent o f  A A  levels in  gastric ju ice  in vo lve  a com plicated  sam pling, storage 
and analysis procedure using H P L C  w ith  U V  detection, hence the proposed  
m icrosensor represents a considerable advantage perm itting real-tim e analysis o f  
ascorb ic acid  in  gastric ju ice . T h e  n icke l oxide,ruthenium  hexacyanoferrate m o d ifi­
cation layer p rovided  a reduction in  overpotential fo r A A  oxidation  o f  approxim ately  
185 m V  w hen com pared to the bare carbon fibre cy linder m icroelectrode ( C F C M E ) .  
In addition, the m od ified  m icrosensor response was stable over a pro longed  period o f  
use in  acid ic  solution, in  contrast to the bare C F C M E .  T h e  analytical parameters o f  
linear range and lim it o f  detection revealed the suitability o f  the m od ified  C F C M E  for 
use in  detection o f  A A  at levels usua lly  encountered in  gastric ju ice . In addition, 
application o f  a ce llu lose acetate protective m em brane perm itted the use o f  the 
proposed m icrosensor in  determ ination o f  low  (amol/L quantities o f  ascorbic acid  in  
real gastric ju ice . W h ile  the proposed m icrosensor was found to be suitable for direct 
m easurements in  gastric ju ice , the next step in  this study requires an investigation into 
the p o ss ib ility  o f  its em ploym ent in  a study such as that carried out in  the fie ld  o f  
gastric cancer research. T h is  should  in vo lve  tailoring the m icrosensor to perm it its 
insertion into the gastric cavity. It w ou ld  also be necessary to com pare results 
obtained for ascorbic acid  levels in  gastric ju ice  using the m icrosensor w ith  another 
technique such as H P L C  w ith  U V  detection.
5.5 Other Interesting Concepts Considered in the Work
In addition  to the w ork described above, some other projects were initiated, w ith a 
v ie w  to develop ing  suitable electrodes and sensors for the determ ination o f  some  
substances o f  environm ental and b iom edica l significance. T h e  first o f  these in vo lved
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the developm ent o f  a m od ified  m icrosensor fo r the selective determ ination o f  ascorbic  
acid  in  plant cells. Th e  proposed m icrosensor was based on the coating o f  an over­
oxid ised  po ly(l,2 )-ph en ylen ed iam in e  film  on a carbon fibre cy lin d er m icroelectrode. 
T h is  m icrosensor had p rev iously  been proved  to be suitable fo r the sim ultaneous 
determ ination o f  ascorbic acid  and dopam ine at ph ys io log ica l levels [2], T h is  f ilm  
selectively  accum ulates dopam ine, w h ile  repelling  ascorbic acid, hence perm itting the 
determ ination o f  dopam ine in  the presence o f  a large excess o f  ascorbic acid. It was 
envisioned that vary in g  the deposition parameters o f  the overox id ised  p o ly ( l,2 )-  
phenylenediam ine f ilm  w ou ld  lead to different film  properties, thereby perm itting  
selective A  A  determ ination in  plant cells. W h ile  some pre lim inary  experim ents were 
carried out in  this d irection, certain problem s were encountered, w h ich  necessitated 
postponem ent o f  further w ork in  this direction. Future w ork  in  order to determine 
whether the overoxid ised  p o ly(l,2 )-ph en ylen ed iam in e  film  is a suitable m odification  
layer for A A  determ ination in  plant cells rem ains an interesting concept.
Inorganic nano tubes, w h ich  have received  attention in  recent literature [3-7], 
were em ployed  as electrode m odifiers in  a prelim inary study. Th e  nanotubes ( M 0S2) 
were suspended in  so lution o f  d im ethylform am ide (for self-assem bly) or Nafion®  (for 
dip-coating and drop-casting). G o ld , carbon fibre and glassy carbon electrodes were 
m od ified  b y  self-assem bly, d ip-coating and drop-casting, respectively. Th e  behaviour 
o f  the m od ified  electrodes was exam ined in  two w ell-kn ow n redox systems - iron  
hexacyanoferrate and ruthenium  hexam m inechloride. A s  expected the electrodes 
show ed activ ity  tow ards these couples, but the results were inconclusive. In addition, 
the response o f  the nanotube m od ified  electrodes to H 2O 2 and dopam ine was 
investigated. T h e  m ost interesting results were obtained w ith  the gold  electrodes 
m od ified  w ith  a self-assem bled m onolayer(s) o f  nanotubes. T w o  sharp peaks were 
observed in  a so lution o f  0.1 m ol/L  K C1, w h ich  were attributed to some rap id  redox  
system  present on the electrode surface. A t  a glassy carbon electrode m od ified  by  
drop-casting 10 |j,L o f  nanotube-containing suspension onto the electrode surface, 
som e activ ity  tow ards H 20 2, w h ich  was not evident at the bare or just N a fio n ®  
m o d ifie d  electrode, was observed.
T h e  results presented suggested that M 0S 2 nanotubes m ay find  some use as 
in organ ic electrode m odifiers in  future w ork. It was considered that the concentration  
o f  nanotubes in  the Nafion®  and D M F  solutions was too lo w  at 1 m g/L, and that a
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concentration o f  at least 10 m g/L w ou ld  be necessary to properly  characterise their 
electrochem ical behaviour and e lectroanalytical properties. A s  this was just a 
p re lim in ary  study, m uch  further w o rk  is required in  these directions.
5.6 Conclusions
O n  successfu l com pletion  o f  the w o rk  described in  this chapter, it is envisaged that 
the proposed techniques cou ld  be used in  the determ ination o f  a w ide variety o f  
analytes -  reducib le  com pounds, heavy m etals and ascorbic acid  in  environm ental and 
b io lo g ica l m atrices. T h e  techniques described are easy to perform  and in vo lve  the use 
o f  re lative ly  inexpensive equipm ent w hen com pared to instrum ental techniques such  
as I C P -M S  or A  A S . It is hoped that this w o rk  and others in  the same ve in  w ill lead to 
further prom otion  o f  the advantages o f  electroanalytical techniques and result in  their 
increased use in  analytical laboratories carrying out both routine analysis and 
research.
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